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i^\An  analytical  and  experimental  investigation  wos  conducted  to  characterize  the  fracture 
and  cyclic-growth  behavior  of  cracks  emanating  from  vorious  types  of  fostener  holes,  such 
os  open,  close- tolerance,  interference-fit,  ond  cold-worked  fastener  holes.  An  analytical 
approach  was  developed  for  estimating  stress  intensity  factors  for  through  cracks  emanating 
from  these  t^yes  of  fastener  holes.  Approximate  stress  intensity  factors  for  quarter- 
elliptical  cracks  emanating  from  a corner  of  the  some  types  of  fastener  holes  were  derived 
from  corresponding  through-crock  solutions.  Two  alloy  plates  {2219-T851  aluminum  ond  ^ 
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6A1~4V  (ELO  b«la  annecled  titanium)  with  and  without  intentional  initial  flaws  were  tested 
under  constant  amplitude  cyclic  lood  and  flight-hy-Flight  fighter  and  bomber  spectrum  loods. 
Two  initial  flow  shapes  corresponding  to  a quorter-circulor  comer  crock  and  a through-the- 
thickness  crock  and  three  initial  crack  lengths  (small,  intermediate  and  lorge)  were  used  in 
tiie  test  program.  Three  levels  of  cold  working  ond  interference  and  one  level  or  foslener 
load  transfer  were  included  for  eoch  alloy.  The  amount  of  load  transferred  through  the  food' 
ed  fastener  was  maintained  uniformly  at  the  level  which  produced  a beariitg  stress  equal  to 
the  far-field  stress. 

Correlations  between  calculated  streu  intensities  atsd  those  reduced  from  fotigue  crock 
growth  data  were  good,  except  for  very  smoli  cracks  growirsg  from  the  cold-worked  holes. 
Also,  the  rsaturai  cracks  initiated  in  the  fatigue  tests  were  most  commonly  comer  ortd 
embedded  types  whose  shopes  corresporsded  quite  closely  to  the  quorter-  ond  semi-elliptical 
shapes  used  in  the  ona lyses. 

Test  growth  rates  for  holes  with  residual  strairu  (cold-worked  or  intcrferenc«.’-*lt 
fasteners)  were  significantly  slower  than  for  stroight  reomed  holes  without  any  conditioning  - 
especially  for  small  initial  cracks.  This  benefit  decayed  as  crock  lersgth  increased. 

I Data  scatter  was  most  apparent  in  f ighter-sper  >um  tests  and  in  the  tests  of  short  initio! 
cracks  propogatirsg  From  cold-worked  orsd  interference-fit  holes.  Another  importont  feature 
observed  was  how  the  initial  comer  flaw  shapes  changed  during  their  growth:  for  straight 
reamed  holes  with  or  wii  Ksut  cold  working,  the  final  dimension  on  the  hole  wall  was  almost 
alwoys  larger  than  the  firsai  dimension  on  the  plate  surface,  especially  for  the  cold-worked 
hole;  for  interference-fit  fastener  holes  without  faslerser  load  transfer,  the  flnol  flow  shope 
was  close  to  quarter-circular;  for  interference-fit  fastener  holes  with  fastener  lood  transfer, 
the  final  dimension  on  the  hole  wall  was  less  than  that  on  the  plate  surface. 

Lastly,  a review  of  experimental  results  and  numuricat  predictions  indicated  the  possibility 
that  the  beneficial  residual  compressive  strains  irtduced  by  cold-workii>g  operations  were 
relaxed  during  the  subsequent  application  of  cyclic  loads. 
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This  report  describes  results  of  work  performed  by  the  Lockheed-Georgio  Company 
on  Air  Force  Contract  F33615“75-C-3099,  “Extended  Study  of  Flow  Growth  at  Fostener 
Holes."  The  effort  wos  sponsored  by  the  Air  Force  Flight  Dynomics  Loborotory  os  port 
of  the  Advanced  Metallic  Structures  - Advonced  Development  Program,  Project  No,  486U. 
Mr.  domes  L.  Rudd  of  AFFDl/FBE  was  the  Air  Force  Project  Engineer. 

This  program  wos  conducted  within  the  Engineering  Branch  of  the  Lockheed-Georgio 
Company,  Morietlo,  Georgia,  ursder  the  direction  of  Chief  Engineer  - Research  and 
Techtsology,  Mr,  H.  B.  Allison.  The  Project  Engineer  was  Dr.  T.  M.  Hsu  of  the  Advanced 
Structures  Department.  The  experimental  work  wes  performed  under  the  supervision  of 
W.  M.  McGee  who  was  assisted  by  H.  R.  Michael.  The  unflowed  stress  analysis  wos 
performed  by  Dr.  J.  A.  Aberson.  Tiie  stress  intensity  foctor  ono lysis  ond  doto  evoluotion 
were  performed  by  Dr.  T.  M,  Hsu. 

This  report  was  submitted  by  the  authors  on  June  10,  1977. 
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Normalized  unflawed  stress  distributions  at  the  edges  of  cold-worked  holes 
ond  interference-fit  fastener  holes,  respectively 

Green's  function 

Normalized  stress  intensity  factor  for  a thru  crock  emanating  from  on 
open  hole  having  significant  local  yielding 

Opening  mode  stress  intensity  factor 

Critical  stress  intensity  foctor 

MoxinHjm  cyclic  stress  intensity  factor 

Minimum  cyclic  stress  intensity  factor 

Peak  cyclic  threshold  stress  intensity  factor  for  fatigue  crock  growth 

Threshold  stress  intensity  foctor  range  for  fatigue  crock  growth 

Flow  shape  factor 

Front  surface  correction  factor 

Back  surface  correction  factor 

Curvature  correction  factor  at  the  edge  of  the  hole 
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For-field  of>plSed  load 

Stress  ratio  - o . /a 

tnin  max 

Fliipticoi  angle  measured  from  the  minor  axis 

Total  correction  factor  for  a thru  crack  emanating  from  close  tolerance 
fastener  hole 

Total  Cut  Mon  factor  for  a thru  crack  emanating  from  cold~worked 
fastener  ' j1. 

Total  correction  factor  for  o thru  crack  emanating  from  interference-fit 
fastener  hole 

Total  correction  factor  for  a thro  crack  emanating  from  an  open  hole 
Total  correction  factor 
Poisson's  ratio 
Stress 

For-field  applied  stress 

0.2%  offset  yield  strength  of  material 

Elliptical  integral  of  the  second  kind 
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SUMMARY 

An  analytical  and  experimental  invoiligation  was  conducted  to  characterise  the  fracture 
and  cyclic  growth  behavior  of  ynall  cracks  emanating  from  various  types  of  fastener  holes. 

An  analytical  procedure  was  developed  for  estimating  the  stress  intensity  factor  for  a 
given  crack  length,  Irolo  condition,  and  load  combination.  It  consists  of  two  major  steps. 
First,  a nonlinear  finite  element  solution  for  the  elastic-plastic  stress  field  appropriate  to 
the  unflawed  hole  was  generoted.  In  the  second  step,  o crack  wos  introduced  in  this  stress 
field  by  removing  the  tractions  on  the  crack  faces  nisd  conipuliisg  the  corresfxsndittg  stress 
intensity  factors  using  the  Green's  function  approach. 

The  developed  Green's  function  approach  was  used  to  calculate  the  stress  intensity 
factors  for  throughciacks  emanatiisg  from  open,  close  tolerance,  interference-fit,  and 
cold-worked  fastener  holes  subjected  to  unifonn  far-field  loodiitgaisd , in  some  cases,  attendant 
fastener  load! ttg.  T}>eappiaximotesfiessintee>sily  foctors  for  c^uorter-elliptical  crocks 
emanating  from  tire  corner  of  the  some  types  of  fastener  holes  were  derived  from  the 
corre^.poisding  tl\iu  crock  solutions.  The  stress  intensity  toctcx  lot  o double,  semi- 
elliptical  embedded  crack  originating  at  some  types  of  tostenei  lioles  wos  deiived  from  tiu' 
modification  of  a suiface  flaw  solution. 

Exparin’eirtal  data  in  the  form  of  crock  length  versus  number  of  lood  cycles  (or  flights) 
resulting  fri>m  opplicofions  of  constant  omplitude  loodirsg  and  flight-by-f light  spectrum 
loaditsg  were  obtained  for  3/Odlfferenf  test  holes  on  two  diffeient  olloys,  nomely, 

2219-T851  aluminunt  and  6Ai-4V  standard  ELI  beta  onisealed  titaniun.  Seventy-four 
constant  amplitude  ond  sjiuctrum  fatigue  tests  of  unflosved  specimens  were  also  conducted 
to  ptovide  intormation  foi  compoiing  the  effective  life  of  a ironunol Iv  unflowed 
specimen  with  that  of  a specimen  containiisg  a small  initiol  flaw,  otul  for  determinitrg 
the  location  ond  initial  shape  of  naturally  induced  cracks. 

The  stress  level  used  in  the  constant  amplitude  load  tests  was  approximately  equal  to 
one  third  of  the  motorial  yield  strength.  Two  different  spectra  representiisg  bomber  and 
fighter  Ofierations  were  employed  in  the  spectrum  load  tests.  Two  initial  flaw  shapes 
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correspondhift  tc  a quoitei  -cUculai  caeiiei  ctticl.  ai»d  « ttuoufltv-llje-ftuctttcw  — 

crock  and  fhree  iniHat  crock  lengths  (small,  intertr.ediole  and  large)  were  used  !n 
the  tost  progrom.  The  test  holes,  including  open,  close  tolerance,  interference-fit, 

[(  ond  cold-worked  lostener  holes,  were  subjected  to  lernoto  loading  os  well  os  losfenci  load- 

inn  when  oppliccibie.  Three  levels  of  cold  working  ond  interference  were  included 
for  eoch  alloy.  The  omount  of  loud  transferred  through  the  looderl  fastener  was  main- 
tained uniformly  ot  o level  which  produced  a bearing  stress  equal  to  the  for-field 
stress. 

Based  upon  the  analytical  study,  it  was  fouisd  that  when  the  applied  for-field  stress 
exceeded  about  one  third  of  the  material  yield  strength,  local  plastic  defomtation 
occurred  at  the  edge  of  on  operr  hole,  nnd  the  computed  noiiiuilized  stress  inteieifv 
loctois  were  lower  thon  the  Bowie  lactors  obtained  lor  the  purely  elastic  cose.  As  local 

yieldirtg  proceeded,  the  normalized  factors  decreased  os  the  far-field  opplied  stress 
increased.  When  the  crock  length  was  lorsger  tharr  one  hole  radius,  this  plasticity  effect 
became  iiegligible. 

rm  tire  coses  in  which  crocks  errrarroteil  front  interference-fit  fastener  Itoles  in  botlr 

aluminum  and  titaniurtr  olloy  plates  subjected  'o  corntont  amplitude  lor-lield  loading, 

the  computed  effective  stress  mrensitv  factor  ratsges,  K - K . , were  esserttiolly 

constant  orKl  independent  of  the  level  ^'t  oiviinelt  icol  inter  ioieisce.  However,  the  etiective 

stress  intensity  foctor  ratio,  R - h , K , vfid  deperxl  upon  the  level  vsf  interference. 

For  a crack  ietsgth  less  thon  one  rodtus,  decreosed  ropidly  os  the  amount  of  tnlorferonce 

increased.  When  a r 1 R renroined  almost  constaisi  as  the  amoutit  of  fastener  hssle 

ett 

interference  ttrcreoieJ 

For  cracks  emaitating  ;roni  cold-worked  fastetser  holes,  the  stress  intensity  foctors 
corresponding  to  o gi'^en  crack  lertgih  increased  as  the  amount  of  cold  workirsg  decreasevt. 

The  stress  irifensifv  factors  at  crocked  cold-worked  open  otvl  close  tolerance  fasterrer 
holes  were  practical''  ttie  some.  Flowever,  with  a small  onrouni  of  fastener  lood  transfer, 
the  corresponding  stress  'nfensity  lactors  increased  significantly. 

The  correlations  between  the  computed  stress  intensity  factors  and  tlsose  reduced  from 
tests  using  the  fatigue  crock  growth  method  ol  calibroting  K were  good,  except  toi  smell 
cracks  ensonating  from  colci-woiked  holes. 
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Results  of  tests  showed  that  tor  a conditioned  foster  <:r  hole  (such  os  diametrical  interference 
or  cold  working),  tl>e  crock  growth  rates,  in  general,  were  significantly  lower  than  those 
for  Q straight  reamed  hole  without  conditioning,  especially  for  small  initial  crocks. 

The  crock  growth  rates  decreased  with  increosing  amounts  of  cold  working  or  interfererKe.  The 
betteficial  effect  of  the  residual  strains  (created  durtrsg  the  irutallotion  of  interference^ 
fit  fasteners  or  during  the  cold  working  operation)  on  retarding  fatigue  crock  growth  was 
most  significont  when  the  crack  length  was  smoli.  The  benefit  decayed  os  the  crack  lersgth 
increased.  For  initially  intermediate  and  large  cracks  emanating  from  interference-fit 
fastener  holes  subjected  to  the  some  type  of  far-fieid  iooditsg,  within  the  levels  of  inter- 
ference studied  during  thir  program,  the  ossocioted  growth  rates  were  almost  the  same  for 
each  level  of  interference.  Although  cold  working  did  retard  crack  growth,  the  fotigue 
life  of  the  cold-worked  hole  was  no  better  than  that  of  the  close  tolerance  fastener  hole 
for  the  same  amount  of  fostener  load  transfer.  Both  corner  cracks  and  embedded  flaws 
were  the  most  corrrmon  types  of  natural  cracks  initioted  due  to  fatigue  cycling.  The 
shapes  of  these  natural  crocks  were  very  close  to  quarter-  arsd  semi-elliptical,  respectively, 
os  assumed  in  most  of  the  analyses. 

Data  scatter  obtained  from  the  fighter  spectrum  tests  wos  lorger  than  that  corresponding 
to  the  bomber  spectrum  tests,  while  the  results  of  tire  cortstant  amplitude  tests  showed 
leost  scatter.  For  the  some  far-field  loading,  data  scatter  was  large  in  the  tests  of  cracks 
emaisatirsg  from  cold-worked  arsd  interference-fit  fastener  holes,  with  such  scatter  decreasing 
rapidly  as  the  crack  leisgth  increased.  For  a given  initial  crack  size,  if  the  applied  load 
wos  very  low  (resulting  in  an  effective  Ak  being  approximately  equal  to  aK  threshold), 
the  growth  behovior  of  the  crock  wos  essentiolly  tire  same  os  that  of  o fatigue  test  without 
an  intentional  flow. 

Another  important  feature  observed  was  the  change  in  flaw  shape  during  the  growth 
of  comer  cracks.  For  straight  reamed  holes  with  or  without  cold  working,  the  final  dimen- 
sion on  the  hole  wall  was  almost  always  larger  thon  the  final  dimension  on  the  plate  surface, 
espteciolly  for  cold-worked  holes.  For  interference-fit  fosteirer  Iroies  without  fastener 
load  transfer,  the  final  flow  shape  was  close  to  quarter-circular.  However,  for  Interference- 
fit  fastener  holes  wittr  fastener  load  trorrsfei , the  fitroi  dimeirsion  on  the  hole  woll  wos  less 
than  that  on  the  plate  surface. 
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Theoreticoiiy  ipaoking,  if  the  crock  length  it  tmoiler  than  the  compreuive  zone  retuit** 

Ing  from  the  cold-working  operation  and  the  application  of  the  maximum  cyclic  load, 
the  crack  should  not  propagate  under  conitont  amplitude  cyclic  loading.  However,  the 
experimental  data  gerreroted  during  this  progrom  negated  such  o conclusion,  it  it 
suspected  that  relaxation  of  the  residual  compreuive  strains  due  to  cold  working  occurred, 
orsd  after  o period  of  fatigue  cycling,  the  net  hoop  stress  reverted  to  tension  upon  the 
application  of  the  maximum  cyclic  load.  The  existing  methodology  is  not  copobie  of 
taking  such  relaxation  into  account.  The  interoctions  of  the  overloods  and  compressive 
loods  in  the  spectrum  with  the  residual  compressive  hoop  stress  otoursd  the  fastener  hole 
resulting  from  the  cold-working  operation  should  be  investlgoted  in  more  detail.  Limited 
data  available  to  date  seerra  to  irtdicate  thot  these  interactions  might  negate  any  bene- 
ficial effects  goirsed  from  the  cold-working  operation. 


SECTION  I 
INTRODUCTION 


The  influence  of  froclure  mecHonlei  on  the  design/  monufocture/  ond  mointenonce  of 
military  oircroft  hos  steodily  increased  during  the  post  decode.  The  continuing  seorch 
for  greatly  improved  research  methods  in  this  oreo  hos  largely  stemmed  from  the  rteed 
for  o better  understoitding  of  the  growth  characteristics  of  minute  crock-liice  defects. 

A review  of  U.  S.  Air  Force  oircroft  structural  foiiures'  ' reveoled  that  cracks 
emonoting  from  fastener  holes  represent  the  most  common  origin  of  these  failures.  Cracks 
in  fastener  holes  hove  been  observed  in  o variety  of  shapes  ond  lengths/  but  procticoily 
all  of  these  hove  two  common  historicol  features.  They  initioted  or  were  introduced  some- 
where on  the  boundory  of  the  hole  ond  their  initial  dimensions  werequite  small  incomporison 
with  the  rodius  of  the  hole.  Therefore,  in  the  interest  of  the  widest  possible  oppiicotion 
of  the  results,  it  is  appropriote  to  study  small  and  intermediate  size* **  fostener-hole  cracks 
in  sufficient  detail  to  ossess  their  growth  characteristics. 

The  principal  difficulties  in  such  on  onolyticol  study  relate  to  the  comporotive  smallness 
of  the  crock.  Generally,  the  plorse  deformation  streu  intensity  foctors.  K|  ond  K||/  ore 
primarily  functiore  of  the  remote  stress  level  and  the  crack  lersgth.  However,  for  a small 
fastener  hole  crack.  K|  and  K||  ore  expected  to  be  additiortally  sensitive  to  the  porticular 
combination  of  the  following  corxJitions: 

1 ) whether  the  hole  is  open  or  filled 

2)  load  transferred  by  the  fosteiser 

3)  degree  of  fosterser  interference 

4)  severity  and  extent  of  prior  hole  conditioning  procedures  such  os  cold  working 
and  reaming. 

A crock  thot  hos  grown  to  a length  comparcble  to  the  rodius  of  the  hole  is  influertced 
much  less  by  hole  conditions,  oisd  its  stress  interwity  foctor  can  be  estimated  from  ovoil- 
able  and  uncluttered  closed  form  solutioiu. 

* Numbers  in  superscript  parentheses  indicote  the  references  listed  of  the  end  of  this  report. 

**  In  this  report,  the  crack  size  definitions  are  os  follows: 

Small;  0.005"  < o 0.050" 

Intermediote:  0.050"  < a ''0. 150" 

Loige:  a 0.150" 


i 


The  objecHve  of  thij  program  wa»  to  analyze  ond  experimenlotly  clKirocterizu  fbe  boctoreond 
cyclic  growth  behovior  of  irttoll  flawi  originating  ot  fattener  hoIc».  The  program  wo»  intended 
to  extend  the  investigation  beyond  thol  of  a previous  study. The  purpose  of  the  onolytical 
study  wos  to  provide  solutions  for  stress  intensity  foctors  appropriate  to  lastetter  hole  crocks, 
os  shown  in  Figure  I,  In  order  to  determine  whether  tl>e  routine  procedures  of  fracture  mechon- 
Ics  ore  applicable  for  assessing  the  residual  strengtlrs  ond  predicting  the  cyclic  growth  patterns 
for  these  crocks.  The  results  of  the  cxperimcirtol  progionr  were  used  toevaluate  thecopobility 
of  the  analyticol  solution  to  predict  the  growth  patterns  of  flows  from  fastener  holes  in 
2219- T851  aluminum  aisd  6A1-4V  ^'annealed  titonium.  Additionolly,  the  test  rsrsults 
were  used  to  determine  wliether  fracture  mecftairics  methods  furnish  o suitable  failure  criterion 
for  flawed,  cold~worked  holes. 

An  analyticol  procedure  was  developed  for  estimating  the  stress  intensity  factor  for  o 
given  crack  length,  hole  condition,  and  lood  combination.  It  cortsists  of  two  major 
steps.  First,  a rsonlineor  finite  element  solution  for  the  elastic-plastic  stress  field 
appropriate  to  on  unflawed  hole  was  generoted.  In  the  second  step,  a crock  wos  intro- 
duced in  this  stress  field  by  removing  the  troctions  on  the  crock  foces  and  computing 
the  corresponding  stress  intensity  factors  usirsg  the  Green's  function  opprooch. 

Tire  unflowod  elostic-plcistic  stress  solution  considered  stroin-hordening  plostic  deformotion 
and  elastic  ur.looding.  It  accounted  tor  Use  procticol  order  of  loading  (e.g,,  cold  working 
followed  by  the  application  of  remote  loading  and  possible  fastener  reaction)  otsd  included 
the  effects  of  geonsetricol  nonli near i ties,  such  os  tise  loss  ot  contact  between  the  hole  woll 
and  o close~tolerance  tcafener  during  the  deiorniotion  process. 

The  tractions  removed  in  the  second  step  reflected  the  combined  effect  of  hole  condition- 
ing procedures  and  applied  loads.  The  stress  intensity  solution  was  fully  elastic.  This 
wos  oppropriate  for  material  belsind  the  crock  lip,  but  ony  odditionol  plostic  deformotion 
of  material  ahead  of  the  tip  was  replaced  by  on  elostic  equivalent.  Such  on  opproximo- 
tion  wos  necessory  to  preserve  the  notion  of  o stress  intensity  factor  ond  wos  consistent 
with  what  is  routinely  done  in  applying  the  principles  of  linear  fracture  mechanics;  i.e., 
a plastic  zone  just  oheod  of  ond  peculior  to  the  crock  tip  is  quantitatively  ignored. 
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The  onaiyiical  progrom,  though  entamlve  ond  raosondbl/  compraheruive,  wot  intended  to 
complement  a parallel  experimental  program.  The  main  thrutt  of  the  experlmentol  pro* 
grom  wot  to  provide  baseline  doto  for  assessing  the  growth  chorocteristics  under  constont- 
omplitude  cyclic  loodirsg  and  flight^by-flight  spectrum  looding  of  smoll-and  intermediate- 
siie  fostener  hole  cracks  for  two  different  alloys,  namely,  2219-1851  aluminum  ortd  6AX'*-4V 
stondord  ELI  beto  annealed  titonium.  The  stress  level  usskI  in  the  constont  omplihxle  load 
tests  was  approximately  equal  toone  third  of  the  moterial  yield  strength.  Two  different 
spectra  representing  the  bomber  and  fighter  operations  were  employed  in  the  spectrum  lood 
tests.  Two  initial  flaw  shapes  correspursding  to  a quarter-circular  corner  crock  and  a 
through-the-thickness  crack  ond  three  initial  crock  lengths  (small,  intermediate  ond  large) 
were  used  in  the  test  program.  The  hole  conditions  ond  types  of  applied  loading  included 
practical  combinations  of  the  four  conditioiu  previously  listed.  Three  levels  of  cold 
working  and  interference  were  included  for  each  alloy.  The  amount  of  load  transferred 
through  the  looded  fastener  wosmaintained uniformly  ot  o level  which  produced  a 
bearing  stress  equal  to  the  far-fieid  stress. 

A limited  number  of  constant  omplitude  and  spectrum  fatigue  tests  of  unflowed  specimens 
were  olso  conducted  to  provide  information  for 

1)  Comparing  the  effective  life  of  a nominally  unflowed  specimen  with  that  of  o 
specimen  contoining  a small  initial  flow; 

2)  Determinir>g  the  location  arsd  initiol  shape  of  noturally  induced  cracks. 

In  recognition  of  the  relatively  brooder  scatter  of  the  growth  of  smoll  cracks  ond  fatigue- 
test  results,  two  specimetu  were  employed  for  each  cordition.  The  total  number  of  flawed 
and  unflawed  test  holes  in  the  experimental  program  is  44^  and  they  are  summorized 
in  Table  1. 

Wherever  possible,  the  computed  stress  intensity  factors  were  validated  with  the  experi- 
mental data. 
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SECTION  11 
SCOPE 


Scopes  of  both  experimentol  and  analytical  progtomt  aio  diicuited  In  this  section, 

I.  EXPERIMENTAL  PROGRMA 

The  scope  of  the  experimentol  program  was  cifoblished  to  extend  the  large  flow  evaluation 
program  reported  in  Referetscc  (2).  Consequently,  a commonolity  exists  m those  details 
considered  to  be  Importont  in  making  the  two  progroms  complementary.  Commonolity 
between  the  two  programs  was  mointolned  for  the  following  voriobles: 

* Alloys,  tempers,  oisd  thicknesses 

* Specimen  thicknesses  orsd  grain  orientations 

* Fosterser  types,  diameters,  orsd  moduli 

* Preparation  of  tapered  arsd  co!d*worked  holes 

* Levels  of  interference  orsd  cold  work 

* Lood  profiles 

* Somber  and  fighter  test  spectra 

* Test  environments 

■ Ratio  of  far-field  to  beoriitg  stress  for  lood  tromfer 

The  scope  of  this  program  was  structured  into  four  elements  os  outlined  below: 

■ Material  characterization  orsd  failure  criterion 

■ Corsstant-omplitude  crack  growth  evoluatioru 

e Spectrum  load  crock  growth  evoluatioru 

* Fatigue  evaiuatiorst  of  specimeru  without  intentioisal  flows 

Complete  details  of  the  technical  itenu  common  to  each  program  os  well  os  o complete  defini- 
tion of  each  scope  element  ore  presented  in  the  subsequent  sections  of  this  leport. 

1 ,1  Moteriol  Chorocterizotion  orsd  Foilwe  Criterion  Tests 

The  scope  of  the  material  characterization  and  failure  criterion  test  program  is  summarized  in 
Tdble  2.  Teruile  and  compressive  tests  were  performed  for  the  long  troruverse  grain  direc- 
tion to  characterize  the  mechanical  properties  ond  generate  itress-stroin  curves.  The  stress- 
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Jtrain  cunrri  were  ujesf  to  derive  strain  hqrsJening  coefficientj  neressary  to  vt-pporr  tf»r 

onolyt  icot  trealmenl  of  cold~worked  ond  interfefence*fit  fastener  hotes<  K wot 

c 

determined  for  one  thickness  of  eoch  alloy  using  the  center  crack  specimen  configuro- 

tlon.  The  thlcknesies  selected  corres(>ond  to  those  used  for  the  subsequently  described 

crock  growth  otxi  fatigue  es'oluations.  Tlie  do 'dN  tt*sts  wore  put  formed  lioi  the  some  thicknesses. 

For  purposes  of  this  program,  the  da'dN  tests  were  performed  for  the  slow  growth  rote 
“8  “5 

region  (10  to  10  inch  per  cycle).  Such  tests  also  included  the  deiemritsolion  of  o 
AK  tlrreshold  voluc.  All  do  dN  testing  wos  peffornmd  tcN  o cei>tei  crock  tpecinHM\  corstig- 
uiotlor^  o lood  rotio  of  *0.10  ond  o hequency  ol  10  cycles  per  second.  Tiuee  tollure 
criteiiorr  tests  per  olloy  weie  peftcntwct  to  ovoluote  o possible  toilure  critetioti  for  cold- 
worked  holes.  All  three  specirnens  lot  o givers  olloy  co'slolrst'it  the  sssnse  level  ol  cold  work. 
Prior  to  cold  wotkirsg,  eoch  respective  sps'cirsiets  ssi»  ptectockcd  to  produce  srtsoil,  i islet tisesiiole 
oisd  loige  through  flaws.  Testing  ol  these  wos  peitorissed  ssitiiout  fosteiseis  irsslollesf. 


1.2  Fotigoe  Tests  for  fosteiser  Holes  withosit  Irstetstiorsol  t loses 

Baseline  fatigue  tests  were  performed  ois  specimetss  without  intenfiorsol  flows  to  oLstalis  isoh.iol 
crack  origiiss,  shopes  oisd  iives.  Tfsese  were  per  for  isred  for  cotssHsnl  ssmplitude  oisd  spectrum 
lood  coisditloiss.  Tlse  coisstoist  oinplltude  test  piogiom  is  detoiUn.f  in  Toble  3 for  the  oluminum 
olloy  orsd  in  Table  4 for  tlse  tifcsisiuiss  alloy.  Eoch  olloy  required  eight  (8)  specimens  to  ol'toiis 
fatigue  doto  on  eiglsteeis  (18)  test  holes.  Tfse  soiiobles  were  selected  dupl icoHotss  of  oiws  em- 
ployed its  corssronf  arssplifude  tests  ors  speciisseiss  with  crocked  holes,  Ivl  sSnly  oise  level  of  cold 
work  oisd  Oise  level  of  lisi<>i feieisce  were  used  in  tiw  uisflowed  totijjue  tests.  Tobies  6 ond  8 
detoil  the  specfiuiss  test  vcsriobles.  Combined,  these  sp<*clrum  tests  lesjs.liest  thirls  (30)speci- 
meiss  to  obfoin  fotigue  data  tor  thirty-eight  test  holes.  TIsese  ssiso  were  selecftsd  duplicofioiss 
of  coisditioiss  confoiised  in  lire  iesyH*ct've  test  ploiss  liv  hssles  lioviisg  iisteisflsysol  enseks,  Oisls 
Oise  level  of  cold  svotk  oisd  oise  level  of  interfereisce  were  iiscluded  fc*  these  oisd  Use  levels 
selected  for  eoch  were  the  dorninoist  orses  its  the  test  proiyam, 

1.3  Coisstoist  Ansplitude  Tests  for  Crocked  Fosteiser  Holes 

The  scope  of  the  cons  taisf  amplitude  tests  for  crocked  fosteiser  holes  iis22l9-T851  olumiisum  olloy 
is  detoiled  in  Toble  W for  port-through  cracks  ond  in  Table  11  for  through-th«-lhickness 
cracks,  rrtspectively . Similar  details  for  6A4-4V  beto  annealed  titanium  olloy  are  con- 
tained in  Tables  12  orsd  13,  respectively.  Inmost  cases,  o dupflcot«s  test  for  eocis  tmt  isole 
corsdition  wos  included  for  both  olumitsurss  ond  litonluns  alloys.  A foiol  of  eighty-sic  (86) 
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ie»(  bo(ei  were  vpecifiod  for  the  olumtnum  alloy  and  wore  diitrlbofwdl  in  ihlr)y-ane  (31) 
jpocirhent,  for  the  titanium  olloy  there  wore  leventy-tw  (72)  fotf  holej  diitributed 
in  tw#nty-flve  (25)  ipeclmons.  In  thii  program,  corner  crack  evoiuotiom  were  limited 
to  unall  and  infermedlote  size  crocki  only.  However,  lorge  rise  crocks  were  Included 
in  the  tlvoogh  crack  evaluotiom.  Three  level*  ol  cold  working  aiut  Ih^ee  level*  ot  lojIeiHM 
hole  inter terence,  preiented  in  Tubte*  14  oi*d  15,  iesp«»ctively , were  u»ed  in  tlu’je  »e>t*. 

1 .4  Spectrum  Loodjrrg  Te*H  lor  Cracked  t tntemrr  Hole* 

Tire  scope  of  both  tire  bomber  orrd  tighter  ipectro  load  evoluotion*  lor  2219- T851  iilominum 
alloy  oikI  6 Ai-4V  beta  anneoled  tifonium  olloy  i*  preienfed  iir  Toble*  16  to  19  oird  20  to  23, 
teipectively  . A fotol  ot  one  hufxifed  and  nine*  (109)  te*t  hole*  wore  detined  tor  the  olumininn 
allo>’  and  were  dntfibuled  in  lot ty  (40)*|;'ecimetu.  For  the  titorrium  olloy,  tlune  were  one 
hundred  and  three  (103)  test  hole*  diitributed  in  thirty-five  (35)  specimen*.  The  detailed  test 
plan  was  generally  ifructured  to  evaluate  the  effectivenes*  of  different  levels  of  cold 
work  and  interference  under  spectront  loodirtg.  The  plan  for  thru  crock*  olso  evoluattnl 
the  relationship  between  crack  size  orrd  toss  of  beneficiol  effects  of  interference  ond  ■.old 
working.  The  some  three  levels  of  cold  work  ortd  interference  were  o*ed  for  botlr  fise  con- 
stant omplitude  arrd  spectrum  tests. 

Duplicate  tests  were  pertoinied  tor  oil  intertererscc-tit  fastener  l>oles  ond  cold-vvorked  holes 
having  small  arsd  intermediate  initial  flow  siziw. 

2.  ANAIYTICAI  PROGRAM 

The  purpose  of  the  analytical  progrom  was  to  provide  solution*  for  *tre»j  intensity  foctort 
opproprioie  to  fastener  hole  crocks  in  order  to  Judge  whether  the  routine  (Hocedure*  of 
fracture  mechanics  ore  opplicable  tor  assess! rtg  the  residual  strengths  nird  pr  edictiitg  the  cyclic 
growth  patterns  ot  the  crocks.  Such  o judgemeist  wos  bosed  on  the  results  getH'roted 
by  the  experimentol  program.  The  onolyticol  program  isoloted  the  porometers  significantly 
tnfluencirsg  the  stress  intensify  factors  for  the  flaw  types  shown  in  Figure  I , subject  to  the 
fastener  hole  conditions  ond  looding  corsditions  summoricerl  in  Toble  24, 
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IXPtRlMtNilAL  f*ROGRA^^ 

MATER!  Al5 

Two  different  moteriaU  in  plot#  fow‘  were  empli>)r«d  in  the  e\|»elr.idnlal  pfOfltaftt, 

22iV-T851  olwninotn  olloy  ond  6Ai~4V  beto  owhkjM  tStoniwn  olloy.  IKbm*  alloy* 
were  wlected  to  provide  retail*  complen.enlinB  Inwe  obtoirwd  on  o pre*iou*  pto^fom  ‘ . 

The  uluninow  alloy  platm  hod  o nominal  thitRne**  of  one-inth,  a width  of  "2  inche*  umi 
a lenyth  of  120  incive*.  Two  plate*  were  u*ed  and  both  were  fro4n  K.oi»e»  Lot  Nombor  4S4Bbl 
with  jpecifled  conformonLe  to  MIL-A-8920.  The  titanium  alloy  plate*  hod  a nominal 
thlckne**  of  0,60  inch,  a width  of  35  inthe*  aivf  a length  ol  129  inthe*.  The  liioniom 
plolei  were  forniihed  by  the  Air  Force  ond  weie  tejHMied  to  have  been  monufaciwexl 
from  the  tome  heat  by  RhM.  Alto,  the  titanium  wo*  from  the  tonte  heat  utod  on  a previoutly 
related  progrom^^^  where  the  ilfonlum  wo*  ie|>orled  to  be  on  eMta  low  interilitiol  grade 
and  annealed  above  the  beta  trontu*  iemf>eroiore . Three  plate*  were  u*ed  on  the  program 
reported  herein. 

A ttandard  chemical  onalyti*  wot  performed  on  a lomp I e of  eoch  alloy  «lfh  the  itnuir*  in 
Table  25tho**ing  the  compotiliont  to  be  within  tpecificatlon  limit*.  Plwtvtmicrogroph* 
choroclerijing  the  mlcfO*iruciore  of  eoch  alloy  were  alto  mode  and  are  thown  in  Figure  2. 
Theie  were  made  in  the  pla.H-  of  fheplarw.  The  Ti-6At -4Vmic.«»liuCfuie»!towed  anotmol  U-to 
annealed ba»kefweove*ftuc*uie  of  relatively  cootte  tion*l«imHi Iviawhiio  the  2219-T85I 
mictotfrocture  »howed  a normal  tolution  lieaievl  an.f  aged  ttructure  with  on  intlgnlficont 
amount  of  dork  undi»*olved  Co-Mg-A4  contiiunwi  ottd  teverol  tight  AT-Cu-kfg  jHwtIcle*. 
Rockwell  hoidrwttet  ol  Ivoih  material*  were  alto  acceptable,  ^ 6?  for  the  Ti-6Af-‘'V 
ond  Rjj  = 7^.5  for  the  2219- T85I . Addiiionolly,  iton^ford  terwile  ond  comfHewive  data 
in  the  IT  groin  direction  were  obtoinod  for  eoch  alloy.  Thi*  groin  direction  wo*  selected 
to  be  compotible  with  all  *ubtequent  te*ting  and  wa*  the  one  employe.f  in  Reference  2. 
The*e  data  ore  contoined  in  Table  26.  Both  the  femiie  and  compretslve  data  for  2219- T851 
eicceeded  MIL-HDBK-5  “B"  value*.  The  tensile  data  for  Ti-6AI-4V  wa*  between  MIL- 
HOBK-5  “A"  ond  "B"  value*  ond  fite  compre**ive  yield  iirength  wo*  opproximoielv  equal 

ro  the  "B"  volue. 

2.  TF5T  SPECIMENS 

To  evoluoie  the  variou*  comblnoiion*  of  variable*  contained  in  the  experimental  program, 
several  different,  but  in  many  case,  *imilar.  test  »pecimen  configuration*  were  requinsf. 


ConnguroHom  r*'<:)uIi«Ki  (cm  mcil«t]oi  «:hQfact*rizdtion  ond  follure  crittrion  find  ore  ihown 
in  Figure  3.  Thae  for  evoluoting  flow  growth  ot  (otterwr  (lolet  ore  tKown  in  Figure  4 and 
configurofiont  (or  fatigue  teth  without  tnt<rntiorKil  fio«wi  ore  ihown  in  Figure  5.  Ail  ipeei' 
tf«ni  were  recfongulor  (eKCept  terwile  and  compreu'on  testt)  with  reduced  tett  tectiom  ortd 
hod  their  iongett  dimeruiom  or  loading  direction  porollel  to  the  long-t.  “Mwerie  groirr  direc- 
tion of  the  rolled  plate  moterlol.  Test  section  thiclrneuei  were  0.37S  orMf  0.4S0  irKh  for 
the  titanium  alloy  and  oluminum  alloy*  respectively.  These  thickrresses  corresporsd  to  the 
ones  used  in  the  Reference  2 progrom.  A unique  serial izotion  wos  established  for  each 
specimen  and  all  variobles  ossocloted  with  each  specimen  serialization  were  identified. 

This  serlol izotion  was  mointoined  thrcnighout  oil  operations*  from  a locotiorsol  lay-out  plan 
on  the  urKut  plate  rrsateriol  to  the  reporting  of  finol  doto.  The  locational  toy-out  plan 
identified  the  locotion  of  eoch  specimen  orsd  woe  used  for  cutting  specitiren  btorsks.  The 
blonks  then  were  rrKichifsed  to  the  desired  lengths  orsd  widths.  Next*  o nvochining  cut  was 
fiKsde  on  eoch  foce  of  the  blorrks  to  produce  the  flotrseu  necessary  for  precision  mochining 
of  the  test  section  and  o stroight  specimen  for  testing.  Once  test  section  mochining  wos 
complete*  the  specimens  were  prepared  in  occordonce  with  their  serialization.  Except 
for  materiel  characterization  specimens*  this  further  preporotion  consisted  of  producing 
the  various  hole  conditiorss  described  in  the  following  section. 

Two  different  specimetr  widths  were  used  for  the  flow  growth  evoiuotioru.  The  4-inch- 
wide specimens  were  used  for  the  smol!  and  intermediofe  size  flows  ond  the  6-inch-wlde 
specimens  were  used  for  lorge  flows.  In  order  to  minimize  the  test  lime  ond  cost,  oisd  to 
gother  the  moxim'jm  amount  of  useful  doto,  almost  oil  specimens  cantoined  two  or  three  test 

(3) 

holes.  To  ovoid  interaction  effects  between  cracks  '*  hole  spocing  was  3 inches  in  the 
4-inch  wide  specimens  used  for  evoluoting  smoll  ond  intem>ediote  crocks.  Similarly,  o 5- 
iisch  spocing  wos  used  for  the  holes  hoving  large  cracks  in  the  6-inch-wide  specinienv. 

The  generol  philosophy  used  in  combining  ir«re  thon  one  test  hole  in  o specimen  wos  com- 
prised of  the  (otlowing  principles: 

e A porticulof  specimen  conto!r>ed  flows  of  the  some  size. 

• A porticulor  specimen  contained  flows  of  the  some  shope. 

e A porticulor  specimen  contained  fosleners  of  the  some  type, 

e As-reomed  open  holes  were  only  mixed  with  os-reomed  holes  filled  with 

close- tolerance  fasteners. 

• Cold-worked  holes  were  mixed  with  interference-fit  fostener  holes. 

e 


This  philosophy  was  originolty  expected  to  ensure  the  collection  of  useful  data  from  each 
hole  contained  In  a particular  specimen  end  to  reduce  the  number  of  specimens  required. 

In  fatigue  tests  without  intentional  flows,  the  specimen  configurations  shown  in  Figure  5 
were  employed.  Two  of  these  configurations  contain  more  than  one  test  section.  When 
one  section  failed,  it  was  removed  and  testing  wos  continued  on  the  remaining  specimen 
or  specimens. 

3.  HOLE  PREPARATION  AND  FASTENER  INSTALLATION 


Five  different  hole-fastener  combinations  were  included  in  the  experimentol  program  cs 
follows: 

1)  Reomed  hole  - open. 

2)  Reamed  hole  - filled  with  close-toleronce  fastener. 

3)  Cold-worked  hole  - open. 

4)  Cold-worked  hole  - filled  with  close-tolerance  fostener. 

5)  Tapered  hole  - filled  with  Taper-Lok  fastener. 

In  addition  to  the  above  hole  and  fastener  variobles,  three  different  levels  of  cold  work 
were  employed  as  well  at  three  different  Toper-Lok  ener  inteiference  levels. 

Alloy  steel  fosteners  having  a nominal  diometer  of  3/8  inch  were  used  in  the  aluminum 
alloy  specimens.  For  the  titanium  alloy  specimens,  5/16  diameter  fosteners  of  Ti-6A4-4V 
STA  were  used.  Fastener  details  are  contained  in  Table  27,  The  fostener  selection  with 
respect  to  size  ond  moteriol  was  based  on  previous  work  reported  in  Reference  2. 

Reamed  holes  for  o given  specimen  alloy  had  the  some  final  reamed  diometer,  which  was 
thot  required  to  produce  a close-fitting  fastener  without  interference.  Where  close- 
toleronce  fasteners  were  required,  the  fosteners  were  installed  without  preload. 

Cold-worked  holes  were  produced  using  the  process  referred  to  os  the  "Boeing  Split  Sleeve 
Method,"  in  which  o hole  smaller  thon  that  required  was  drilled  and  then  fitted  with  a 
split,  steel  sleeve.  A mondrel  larger  than  the  hole  wos  then  drawn  through  the  sleeve  to 
cold-expond  the  hole  to  a larger  diameter.  The  sleeve  wos  then  removed,  followed  by 
roaming  the  hole  to  final  size.  Current  practice  allows  from  0.004  to  0,010  inch  of 
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didmetricol  increaje  by  fhe  final  reaming  operation.  Different  amjuntt  of  cold  work 
ore  produced  by  varying  initial  bole  size  and ''or  mandrel  size.  Three  different  levels 
of  cold  work  were  used/  two  of  which  were  the  suniu  o>  the  ones  used  in  Reference  2. 

Tlscse  two  were  approximately  5 potconi  oisd  4 percent,  i espectivciy , A lower  value  ol  2 
percent  was  selected  os  the  third  level.  This  lower  level  wos  selected  sitice  5 percent 
is  approaching  the  upper  limit  of  the  process  with  respect  to  ollowoble  thickness  varia- 
tion in  the  hole  vicinity  arvd  probability  of  circumferential  crocking  in  some  alloys. 

The  detail  dimensions  of  fastener  holes  durirsg  the  cold-workitsg  operation  are  tabulated 
in  Toble  14  which  include  the  initial  hole  diameter/  mandrel  diameter,  sleeve  wall 

thickness,  diameter  after  relaxation  and  diameter  after  finol  rooming . In  all  cases  this  j 

j 

split  in  the  sleeve  was  oriented  90  degrees  away  from  the  crack  zone.  Where  close  : 

tolerance  fasteners  were  required,  the  fastener  was  installed  without  prelood  as  was  done  ^ 

■ i 

for  the  os-reomed  holes.  « 

i 

■ .4 

Tire  preparatloir  of  tapered  holes  was  perfcxfired  using  stoedoid  cutters  desigtred  tor  use  with  ‘ 

•I 

the  Taper-Uok  fostener  system.  Final  reaming  was  performed  using  a positive  stop  to  -~ 

ensure  uniformity  in  size  from  hole  to  hole.  The  hole  was  sized  such  that,  with  thefostener 
installed,  there  wos  grippiirg  areo  extending  from  eoclr  side  of  tire  specinren.  This  wos 

required  for  cases  specified  to  have  load  transfer.  The  fasteners  were  first  pushed  into  the  ' 

holes  with  finger-tight  pressure.  Installofion  wos  tlrcir occompi ished using  iruf  torque  while 
monitorirsg  axial  movement  with  a dial  indicator.  When  axiol  movement  reached  a volue 
equivalent  to  the  desired  interference  level,  no  further  torque  wos  applied.  The  nut  wos 
then  loosened  to  relieve  preload  followed  by  re-tightening  to  o ixHninolty  low  volue.  The 
dial  indicator  was  monitored  during  this  operation  to  ensure  thot  no  chqnge  in  interference 
occurred.  Three  different  interference  levels  covering  the  range  generally  used  in  pro- 
duction were  employed  for  each  materiol.  These  levels  are  defined  in  Table  15. 

Since  optical  monitoring  was  to  be  performed  during  subsequent  testing,  in  many  coses 
the  fastener  heods  were  removed  to  enhance  visibility  of  the  tost  area.  Since  there  was 
no  fastener  preload  involved  in  the  program,  this  was  considered  to  have  no  influence  on 
the  results.  In  all  cases  a new  fostener  wro  used  in  each  test  liole  requiring  o iastener . 

4.  PRECRACKING  PROCEDURES 

Precracking  of  holes  wos  performed  by  applying  constant  amplitude  axial  fatigue  loods 
to  thespecimertt  in  electrohydraulic  servo  controlled  fatigue  machines.  In  the  selection 
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of  pmcracktng  toads,  specimen  test  requirements  were  always  considered  to  ensure  that  the  ^ 

result  of  prccfocking  would  not  lefiiid  tlie  crock  growth  ntsdei  the  subsequent  test  conditions.  !! 

Thu  progrunt  encompassed  small,  intermediate,  and  large  initial  cracks  of  two  different  ^ 

shapes;  single  symmetrical  thru^the-thickness  crocks  ond  single  quarter-circular  port-thru 
cracks.  Nominal  Initial  sizes  of  these  crocks  were  os  follows; 

Small  - 0,005  Inch 

Intermediate  = 0.050  inch 
Large  - 0.150  inch 

Various  combinations  of  these  initial  crack  sizes  were  produced  for  os-reamed  straight  shank 
holes,  cold-worked  holes,  atsd  tapered  iioles.  For  all  thru-crocks,  electrical  dischorge 
machining  (EDM)  was  used  to  produce  fatigue  starter  slots.  For  the  intermediate  ai>d 

large  sizes  not  requirirtg  cold  work,  EDM  was  performed  on  the  final  reomed  hole  wall,  ; 

Where  small  crocks  were  required,  EDM  was  performed  on  a pilot  hole.  The  pilot  hole 

then  was  precracked  to  a length  such  that  when  the  pilot  was  reamed  to  final  size,  the  " 

desired  small  flow  remained.  This  procedure  was  considered  necessary  to  produce 
a short  crock  having  reasonable  symmetry  througS-the-thickness. 

EDM  also  was  used  to  produce  starters  for  the  intermediate  and  lorge  corner  flows. 

Where  cold  working  was  rsot  required,  the  starters  were  machined  on  the  corner  of  finol 
reamed  holes.  The  size  of  the  EDM  starter  wos  controlled  to  allow  approximately  0.020 
to  0.030  inch  of  precrack  to  produce  the  desired  initio  I crack  size.  Since  control  artd 
sharpness  of  the  EDM  are  insufficient  for  the  smoll  corner  flows,  on  alternate  method 
was  used  to  produce  crack  starters  on  finished  holes.  Sharp  notches  were  diamond  ground 
in  the  hole  edge  at  on  angle  of  approximately  45  degrees.  Grinding  was  accomplished 
using  a razor  blade  in  a slurry  of  5-micron  diamond  paste.  The  total  length  of  the  notch 
wos  controlled  to  between  0.001  ond  0.002  inch  os  measured  on  the  surface.  For  all 
Taper- Lok  installations  requiring  corner  crocks,  the  crack  was  located  on  the  fostener 
heod  side  representing  the  largest  hole  diometer. 

Where  cold  working  was  required,  the  crack  storter  was  locoted  on  the  hole  to  be  cold 
worked,  aixJ  precracking  was  occomplished  prior  to  cold  working.  Initial  precrack 
lengths  were  controlled  to  compensate  for  the  final  ream  offer  cold  working.  The  amount 
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of  contp«nMlion  raquired  was  detartnined  during  cold  working  of  trial  holes.  All  corner 
cracks  for  cold  worked  holes  were  located  on  the  mandrel  entrance  side  which  would  be 
the  back  surface  with  respect  to  the  muiidrel  pull  gun. 

When  precrackirsg  multiple  hole  specimens,  fatigue  cycling  was  initiated  with  oil  holes 
open  or  unfilled.  All  cracks  did  not  initiate  from  the  starters  at  the  same  time.  The 
faster  growing  crock  or  cracks  were  retarded  by  filling  the  holes.  In  this  manner  reasonable 
control  of  initial  crack  size  was  accomplished. 

5.  TESTING  PROCEDURES 

5.1  Tensile  ond  Compressive  Tests 

Tensile  and  compressive  tests  were  performed  using  the  appropriate  standards  recommended 

by  ASTM.  Testing  was  accomplished  using  a colibroted  universal  testing  mochine  ond  exten- 

someters  were  employed  to  meosure  specimen  deformotion  under  load  in  order  to  produce  a recorded 

load  versus  deformation  curve.  For  the  tensile  tests,  these  curves  were  determined  to  toilure. 

From  these  tests,  F , F.  » F.  , and  stress-strain  curves  were  derived.  Stroln  hardening 
cy  ty  tu  ^ 

coefficients,  percent  elorrgation  ond  percent  oreo  reduction  were  also  determined. 


5.2  Kc  Tests 

Triplicate  fracture  toughness  tests  were  performed  for  one  thickness  for  each  alloy.  Center 
crack  specimens  were  employed  with  the  center  crack  being  produced  by  fatigue  from  a 
through-the-thickness  EDM  slot,  Testingwos  accomplished  using  a or^iversol  testing  machine 
and  the  specimen  was  instrumented  with  a clip  gage  for  recording  crock  opening  displace- 
ment. values  were  derived  using  the  stress  intensity  foctor  solution  for  a center  crack 
in  a finite  plate  and  validated  using  F^^  determined  from  the  tensile  tests. 

5.3  Failure  Criterion  Tests 

The  fatiure  criterion  tests  for  cold-worked  holes  were  conducted  in  the  same  manner  pre- 
viously described  for  the  K^-  tests.  Specimens  containing  a single  through  crack  emonoting 
horn  level  1 cold-worked  open  holes  were  used  in  the  rests. 

5.4  Crack  Growth  ond  Fotigue  Tests 

The  following  procedures  apply  to  crack  growth  and  fatigue  tests  performed  which  include 
do/dN  tests,  fostener  liole  crack  growth  tests  with  intentional  flows  and  fotigue  tests  on  fos- 
tener  holes  without  intentional  flaws. 
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All  crack  growth  and  fatigue  testt  ware  performed  usingelocttohydtnulic  lervo  controlled 
test  systems  manufactured  by  the  MTS  Systems  Corporation.  Hoch  system  contained  the 
necmsory  elements  properly  Integrated  to  control  the  servo  loop,  progranr  loads,  monitor 
loads  atsd  perform  failsafe  functions.  For  constant  amplitude  tests,  load  monitoring  wos 
performed  using  a system  calibrated  amplitude  measurement  unit.  A sine  wave  function 
generator  was  used  to  provide  load  command  to  the  servo  loop.  Each  test  system  wos 
also  interfaced  to  a digital  computer  which  was  used  to  provide  load  commatnTs  for  the 
fighter  and  bomber  test  spectra. 

All  four  inch  wide  specimens  were  loaded  through  hydraulically  operated  grips  and 
the  six-inch-wide  specimens  were  looded  through  fittings  bolted  to  the  etsds.  Specimens 
subject  to  buckling  ursder  compressive  loads  were  fitted  with  loteral  support  bars  to  provide 
stability.  These  bars  hod  Teflon  film  on  the  specimen  side  to  minimize  friction  and  frettiisg 
and  were  attached  to  prevent  lood  transfer. 

Where  fastener  load  trarvsfer  wos  required,  abeamarrangemeiitwos  used  to  lood  the  fastener 
in  double  shear  as  illustrated  in  Figure  6.  The  beams  were  connected  to  one  grip  through 
load  reaction  columrss,  which  were  irutrumented  with  electricahresistunce  stroin  goges  to 
allow  monitorirsg  of  load  trorufer.  The  effective  stiffness  of  tlsebeonss  could  bevoried  toodjust 
lood  trorufer  to  the  desired  amount.  The  anrouni  of  load  transfer  was  held  constant  to  pro- 
vide a ratio  of  for-field  to  fosteisei  bearing  stress  of  approximately  1 .0.  This  corresponds 
to  o lood  transfer  of  approximately  10  percetst  for  the  aluminum  specimens  and  7 percent 
for  the  titanium  specinrens.  This  omount  of  fasteiser  load  trotssfer  typifies  the  fasteners 
located  at  a spanwise  splice  in  wing  structures,  o s'ringer  lun-oot  area,  and  a spat  web  to 
spur  cap  joint.  An  os'erall  view  of  tfre  lest  arrangement  is  shown  its  Figure  7. 

The  test  sections  of  all  fatigue  artd  crack  growth  specimens  were  enclosed  in  clear, 
acrylic  chambers  to  allow  testing  in  dessicated  oir  ot  ambient  tenrperature,  70-80“F.  The 
cyclic  frequency  was  10  Hz  for  all  constant  amplitude  tests  except  the  aluminum  fatigue 
tests  which  were  cycled  at  15  Hz.  The  cyclic  frequency  was  varied  with  lood  layer  in 
he  spectrum  tests  and  ranged  from  10  Hz  for  the  low  amplitude  cycles  to  I Hz  for  the 
high  anrpiitude  cycles.  The  cyclic  frequency  fc*  the  da  dN  tests  whs  20  Hz. 

Crack  length  nreasuiements  were  made  oir  one  surface  tjsing  opticol  techniques.  Films 
and  reference  grills  were  used  in  conjiusction  witti  micimcopes  to  jxovide  nveasurenient 
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sensitivities  of  0.0002  inch  and  0.001  inch,  respectively.  For  constant  amplitode 
tests,  crack  length  measurements  were  made  while  holding  at  the  mean  load  level. 
Measurements  were  made  while  holding  at  the  end  of  flight  mean  level  during  the 
spectrum  load  tests. 

If  the  far-Held  applied  stress  used  in  the  constont-amplitude  tests  was  maintained  con- 
stont  for  the  testing  of  all  hole  conditions,  direct  comparisons  could  be  made  from  the 
test  data.  In  order  to  grow  a crock  from  a high  level  of  interference  or  cold-worked 
fastener  hole  within  a reasonable  test  time,  a relatively  high  for-field  stress  was  re- 
quired. However,  if  the  lev.el  of  opplled  stress  were  too  high,  cracks  may  grow  too  fost 
at  the  open  holes  or  close  tolerance  fostener  holes  with  and  without  fastener  lood  transfer. 
Also,  a relatively  high  far-field  stress  may  create  a lorge  yield  zone  around  such  holes 
which  may  affect  the  load  redistribution  and  produce  interoctions  between  the  cracked 
holes.  In  order  to  determine  the  optimum  load  level  to  be  used  in  the  constant  amplitude 
load  tests,  several  load  levels  were  evaluated  on  through-c recked  aluminum  specimens. 

The  final  maximum  load  used  for  oil  constant  omplitude  load  tests  wos  18  ksi  for  2219-T851 
aluminum  specimens  and  40  ksi  for  6Ai-4V  beto  annealed  titanium  specimens.  The  applied 

stress  rotio,  R = c . /ff  , was  0.1 . Those  opplied  maximum  stresses  were  about  one- 
min  max 

third  of  the  yield  strength  of  each  material.  Morker  loods  were  applied  periodically  during 
the  tests  of  the  first  two  constant  amplitude  specimens  by  changing  the  applied  load  ratio 
(R  ~ 0.85)  and  cyclic  frequency,  but  maintaining  the  same  maximum  test  load.  Since  tlie 
total  growth  band  for  the  small  and  intermediate  flaws  was  so  norrow,  the  growth  during 
eoch  marking  wos  limited  to  o very  small  omount,  0.0002  inch  to  0.0005  inch.  These 
marker  loads  did  not  produce  a clear  morking  on  the  froctvre  surfoce.  Therefore,  no 
morker  loods  were  applied  in  the  remaining  tests. 

For  the  spectrum  load  evaluations,  test  spectra  typical  for  a fighter  and  bomber  were 
used.  Table  28  defines  the  spectrum  for  the  fighter  and  that  for  the  bomber  Is  defined 
in  Toble  29.  The  fighter  profile  for  a flight  is  shown  in  Figure  8 os  progrommed  by  the 
Lockheed  test  system.  Also  shown  is  the  sixth  and  eighteenth  flight  occurrer.ces  of  load 
layers  65  and  66,  respectively.  Tlie  profile  for  tiie  bomber  is  shown  In  Figure  9 for  astandord 
flight  along  with  the  occurrences  of  load  layers  two  and  three.  Layers  1 8,  28,  and  29 
were  inserted  in  a similar  fashion.  These  spectra  were  the  same  as  those  used  in  the 
Reference  2 program . 
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I In  addition  to  providing  crack  gro«rth  data,  maasuramants  of  lurfoca  crack  lengtiu 

I during  testing  were  used  to  control  the  test  with  respect  to  intentlonolly  retarding  tlie 

' k 

I fostgrowingcrocksand  lest  terminolion.  For  test  terminotion  purposes  the  smalt^ 

I intermediate,  orsd  lame  flaws  were  grown  to  opproKimately  0.050  inch,  0.150  inch 

: I and  0.50  Inch,  respectively.  Tests  without  intentional  flows  were  either  fatigue 

tested  to  failure  or  testing  was  termirtoted  when  u natural  crack  was  detected. 


SECTION  IV 

RESULTS  AND  DISCUSSION  OF  EXPERIMENTAL  TESTS 

The  original  teir  plon  wot  ettdblithed  <o  extend  the  large  flow  evaluation  program 
reported  in  Reference  2 to  Include  imoll  ond  intarmediote  flawt.  The  original 
plon  included  constant  amplitude  lood  tests,  periodic  overlood  tests  ond  spectrum  load 
tests.  Since  data  scatter  wos  onticipoted,  especially  for  small  cracks  emonoling  from 
inelostic  regions,  the  periodic  overlood  tests  were  replaced  by  the  duplication  of 
constant  amplitude  load  tests  and  spectra  lood  tests  to  allow  on  in-depth  understanding  of 
the  growth  behavior  of  smoll  and  intermediate  crocks  emanating  from  interference-fit 
fastener  holes  and  cold-worked  holes. 

Ouritsg  the  course  of  the  test  progrom,  it  wos  observed  ihot  one  of  the  cracks  grew  much 
foster  than  the  others  in  some  multiple  test  hole  specimetu.  Duritsg  such  tests,  when 
the  data  in  the  desired  range  hod  been  token  for  the  fostest  growing  crock,  o smoll  hole 
(l/8“  - 3/16")  was  drilled  at  the  crack  tip  orsd  a Toper-Lok  fastener  wos  instolled  in  on 
attempt  to  stop  the  growth  of  the  fostest  crock  in  order  to  collect  more  data  from  cracks 
ot  the  other  holes.  Upon  recycling,  in  most  of  the  cases,  the  specimen  foiled  ot  the  section 
containing  the  fastest  growing  crock  before  oil  the  desiroble  data  at  the  other  holes  could 
be  collected.  To  enhonce  the  chance  of  collecting  oil  the  desired  test  data  for  those 
specimem  where  the  test  holes  had  itot  yet  been  prepored,  the  distribution  of  fasterter- 
hole  conditions  was  rearranged.  Even  so,  only  limited  success  wos  ochieved.  Extro  speci- 
mensfthose  with  specinren  numbers  ending  in  x)were  defined  to  collect  the  desired  test  dota. 

The  results  of  oil  tests  ore  presented  in  this  section.  Wherever  possible,  data  scatter  of  dupli- 
cate tests  is  shown  and  o comparison  of  the  different  types  of  fostersers  ond/ot  hole  condi- 
tions is  described  ortd  discussed  in  detail. 

I.  MATERIAL  CHARACTERIZATION  TESTS 

The  mechanical  properties  of  each  test  moteriol  ore  presented  In  Table  26.  The  ultimote 
tensile  strength,  yield  strength,  ond  elongation  (2  in.  for  oluminum  ortd  1 in.  for  titonium), 
respectively,  were  67.4  ksi,  54.3  ksi,  oisd  11 .3%  for  aluminum,  ond  135.6  ksi,  126.5  ksi, 
oisd  12.8%  for  titanium.  The  compressive  yield  strersgth  was  58.4  ksi  for  aluminum  otsd 
138.2  ksi  for  titonium.  Toble  30  summarizes  the  results  of  the  frocture  toughness  tests.  The 
apparent  frocture  roughness  was  46.3  ksi^  in.  for  aluminum,  oisd  141 .3  ksi^/ in.  for 
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Jiranium.  However,  If  should  be  noted  Hiot  Hw  net  section  strew  ot  Iroclure  (or  the 
titanium  specimens  exceeded  80‘\'  of  the  yield  stiength  o(  the  material. 

The  baseline  crock,  growth  rote  data  for  flic  T-L  direction  of  R 0.1  obtained  from  the 
constant  amplitude  tests  ore  siwwvn  In  Figure  10  for  oluminum  and  in  Figure  II  lor  titanium, 
Tlie  tliieshold  (iK  obtained  during  the  tests  ronged  from  1.03  to  1.9V  ksi  v '*'* 
oluminum  ond  2.77  to  3.69  ksi^/  in.  for  titanium.  The  overoge  threshold  volue  of  the 
maximum  stress  intensity  factor,  (l^niax\|,'  ^ ksl^  in,  for  oluminum  ond  3,7  ksi^  in. 

for  titanium.  The  solid  curves  in  Figures  10  and  II  ore  the  least~squore~mean  lino  repre- 
sentations of  all  the  data  points  sliown.  The  curves  are  used  in  the  subsequent  onolyficol- 

experimentol  correlations. 


2.  UNFl AWED  FATIGUE  TBTS 
2.1  Constoiit  Amplitude  Ituxf  Tests 

The  results  of  constont  amplitude  unflowed  fatigue  tests  of  aluminum  specimens  ore  contoined 
in  Table  3.  These  results  ore  also  shown  in  Figure  12.  For  aluminum  specimens,  nine  (9) 
out  of  eighteen  (18)  test  holes  failed  before  ony  crack  woi  observed.  Two  out  of  these  nine 
failed  in  the  grip  section.  Crocks  were  detected  in  the  other  nine  test  holes.  These  con- 
sisted of  five(5)  single  corner  crocks,  two(2)  double  corner  cracks,  one  (1)  embedded  (law,  and 
one  (1)  double  comer  crock  located  on  the  some  side  of  the  fostener  hole.  Post-test  examina- 
tion on  sev'en  foilure  surfaces  indicated  thof  the  initial  cracks  (or  origins)  of  these  foi lures 
weie  three  comer  cracks,  three  embedded  crocks  and  o surfoce  crock  owoy  from  the  hole  woll. 

Tire  typicol  shape  ond  origin  of  a natural  crock  orlginoting  at  a close  foleronce  fostenei  hole 
ond  o nofuiol  crock  originating  ot  tlie  surfoce  owoy  from  on  infer ference-nt  hole  ore  shown 
inFigure  13.  Both  test  holes  hove  about  10  percent  fostener  lood  transfer . Similot  results  for 
titonium  specimoiu  ore  tabulated  in  Table  4 ond  olso  figure  14.  For  titanium  specimens,  twelve 
(12)  out  of  eighteen  (18)  test  holes  failed  before  ony  crock  was  observed.  One  of  these  twelve 
failed  in  the  grip  section.  The  six  detected  crocks  included  four  (4)  single  corner  cracks  ond 
one  (1)  single  ond  one  (I)  double  thru  crock.  The  number  of  cycles  applied  to  eoch  specimen 
and  the  dimensions  of  file  crocks  observed  ot  the  time  the  test  woi  terminated  ore  olso  in- 
cluded in  the  tables.  Post-test  examination  on  eleven  failure  surfoces  showed  that  the 
initial  cracks  of  these  foilurei  were  six  coriser  crocks  ond  five  embedded  crocks.  Table  5 
summorizes  the  Initiol  crocks  of  all  constont  amplitude  fatigue  tests  on  both  aluminum  and 
titonium  specimens . From  Toble  5,  it  con  be  seen  that  for  the  fastener -pi ate  combinotioni 


camid»r«d  in  ihit  progrom,  th«  corn*ri  of  uttloodtd  fo»t«n«t  holes  cue  the  mat  common 
wigint  of  natural  crocks  initloted  due  to  fatigue,  the  shope  of  the  observed  natural  crocks 
being  opproxintately  quorter  elliptical  with  the  moja  ond  mina  axes  coinciding  with  the 
hole  wall  ond  plote  surfoce,  respectively.  The  other  common  aigins  of  natural  crocks  due 
to  fatigue  cycling  ae  the  hole  wall  surfaces  of  holes  filled  with  clae  toleronce  fateners 
hoving  fosterrer  load  transfer.  The  plote  surfoce  away  from  the  hole  fa  interference-fit 
fateners  is  also  o possible  aigin  of  natural  crock. 

For  both  the  aluminum  ortd  titanium  specimens  subjected  to  identicol  looding  corsditions, 
the  interference- fit  fatena  hole  hod  the  longest  fatigue  life.  This  may  he  because 
a higher  level  of  interference  (level  2)  was  used.  The  reason  this  level  of  interference 
wa  cliosen  is  because  it  wa  the  daninant  one  in  the  crack  growth  tests.  Fa  aluminum,  the 
cold-waked  hole  shows  a longer  fatigue  life  than  that  of  the  clae  toleronce  fatener  hole. 
Howeva,  for  titanium,  the  fatigue  life  of  the  cold-worked  hole  is  comporoble  to  that  of 
the  clae  tolerorsce  fatena  hole. 

2,2  Spectrum  Lood  Tats 

The  raults  of  the  unflowed  fatigue  tats  fa  the  2219- T85)  aluminum  speclmetss  subjected 
to  the  bomber  spectrum  loading  ae  summaized  In  Table  6 ond  Figure  IS.  Similar  results 
fa  the  alumirrum  specimea  subjected  to  the  fighter  spectrum  looding  ae  also  summaized 
in  Table  6 and  Figure  16.  Except  fa  the  reamed  open  holes,  nil  tat  hola  hod  faterter 
load  trorafa.  Six  (6)  out  of  ten  (10)  tat  hola  subjected  to  the  bomba  spectrum  loading 
arsd  five  (5)  out  of  eight  (8)  tat  hola  subjected  to  the  fighta  spectrum  looding  failed 
befae  any  crock  wa  observed.  The  seven  (7)  observed  natural  crocks  irKlude  two  (2) 
single  caner  crocks,  two  (2)  double  catser  crocks,  one  (1)  single  thru  crock,  orsd  two  (2) 
double  thru  crocks.  Thae  thru  crocks  were  believed  to  hove  aiginoted  from  embedded 
crocks.  Six  out  of  eleven  failure  surfoca  subjected  to  both  the  bomber  and  the  fighter 
spectra  loading  exomirsed  after  the  tat  showed  that  embedded  flows  oppeaed  to  be  the 
aigin  of  such  foilura.  The  other  five  aigia  were  at  the  carters  of  the  fatena  holes. 

The  initio!  crocks  (a  aigins)  of  oil  spectrum  fatigue  tats  on  ciluminum  specimea  ae 
summaized  in  Toble  7.  As  seen  from  Table  7,  both  the  caners  ond  the  hole  wall  surfoca 
of  the  fatener  holes  wae  the  mat  common  aigia  of  obsaved  noturol  crocks  initiated  due 
to  spectrum  fatigue  tats. 


The  fypicol  surfocei  of  noiutai  crocks  originotSng  at  o dote  tolerorKC  fosterser  hot«  sub- 
jected to  the  bomber  spectrum  orsd  cold -worked .holes  subjected  to  both  the  bomber  orxJ 
Tighter  spectra  are  shown  In  Figure  17.  Td>le  6 Indicates  that  for  speciirtens  Having 
obout  10  percent  fostener  tood  transfer,  the  level  I cold-worked  holes  show  fatigue 
lives  coinporobte  to  those  with  dote  tolerance  fostener  holes.  Tire  test  results  of  the 
tome  aluminum  specimens  subjected  to  IS  ksi  constont  omplitude  loading  (Table  3)  irsdi- 
coted  that  the  fotigue  lives  of  the  level  I cold-worked  holes  with  fostener  lood  tronsfer 
were  longer  than  those  with  close  toleronce  fostener  holes  Iroving  the  some  amount  of 
fastener  load  transfer,  Even  longer  fatigue  lives  were  observed  for  the  Interference-fit 
fostener  holes.  This  is  portiolU'  becouse  o higher  level  (level  2)  of  interference  was 
used  in  the  test  progrorti. 

Similar  fatigue  test  results  on  6Af-4V  beta  onneoled  titanium  specimetvs  ore  summarized 
in  Table  8 arvd  Figure  18  for  the  bomber  spectrum  iooding  and  in  Toble  8 orsd  Figure  19 
for  the  fighter  spectrum  Iooding.. 

Six  (6)  out  of  tv'elve  (12)  test  holes  subjected  to  the  bomber  spectrum  Iooding  and  five  (5) 
out  of  eight  (6)  test  holes  subjected  to  the  fighter  spectrum  loading  foiled  before  any  crock 
was  detected.  All  observed  noturoi  crocks  due  to  the  bomber  spectrum  loading  were  either 
single  or  multiple  corner  cracks.  The  three  observed  crocks  due  to  the  fighter  spechum 
loading  included  two  (2)  single  corner  crocks  and  one  (1)  double  tlwu  crock.  This  double 
thru  crock  was  foursd  to  hove  originated  from  o double  embedded  crock.  Post-test  examina- 
tion on  eleven  failure  surfoces  indicated  that  the  Tible  initial  cracks  (or  origitu)  of  these 
failures  were  nine  corner  crocks  and  two  embedded  crocks.  Table  9 summarizes  the  initiol 
crocks  of  oil  spectrum  fatigue  tests  on  titanium  specimens.  As  seen  from  Toble  9,  the 
corners  of  the  fastener  holes  ore  the  most  common  origins  of  noturoi  crocks  initiated  due  to 
spectrum  fatigue.  From  Table  8,  it  con  be  seen  that  the  interfeience-fit  fastener  holes  con- 
sistently gave  longer  fatigue  lives  than  other  types  of  tested  holes.  Level  i cold-worked 
holes  hoving  fastener  load  transfer  showed  fatigue  lives  which  were  comparable  to  those  for 
the  some  type  of  holes  without  cold  working  when  they  were  subjected  to  the  bomber  spec- 
trum loading.  However,  when  the  level  1 cold-worked  holes  were  subjected  to  the  fighter 
spectrum  loading,  their  fatigue  lives  were  significontly  shorter  than  those  for  close  tolerance 
fastener  holes  without  cold  working. 
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3.  CRACK  GROWTH  TESTS 


Th«  imuIh  oi  tho  of  inlonHonoi  flow*  tasted  on  both  2219- T85I  aluminum  and 

dA/-4V  beta  a«mealed  litoiiiuiri  mateiiots  ote  presented  and  discussed  in  this  section.  Fa 
eoch  motetial,  the  tesults  were  obtoined  {«  o combination  of  the  following  votiobles; 

1)  Looding  ptofile:  Constant  amplitude,  bomber  spectrum,  ond  flghtsH  spectrum 

2)  Hole  condition:  Open,  close  tolerance,  Interferonce-fU,  ond  cold-worked 

3)  Fosterrer  load:  *ifh  ond  without  fosterter  load  transfer 

4)  Level  of  interferetKe  or  cold  working:  three  eocli 

5)  Irviflol  crock  shoper  quarter -elliptical  corner  crocks  and  through-the-thickness 
crocks 

b)  Initlol  crock  sice:  small,  intermediate,  and  large. 

Since  eoch  specimen  contained  dift'ereiti  fastener  hole  conditions  withdiiterent  initici  crock 

I 

leiigtfw,  0 direct  c<?mporls«sn  of  the  results  lor  ttse  some  type  of  specimers  nsoy  not  be  meon- 
irsgful.  Therefore,  key  eKperimsmtol  results  ore  reorrotsged  otsd  nv.>tmcilij:ed  to  the  some 
initial  crock  lersgth  according  to  each  fasterser  hole  coisdition. 

Wherever  possible,  data  scatter  of  duplicate  tests  ate  shown  otsd  Hie  effects  of  the  key 
variables  ore  isoloted  sind  described  in  detail. 


3.1  Constonr  '\mpl i tside  I ootf  Tests 

2219- T8S1  Aluminum  Corner  Crock  Tests  - Ttse  results  ut  the  corni't  crock  tests  tor  the 
T85  I oluminum  sps'cinrerss  ore  shown  in  Ftgurtn  20  llsitxrgli  25.  Figsite  AT  shosvs  ttie  growth 
behavior  of  small  corner  crocks  front  open  holes  oisd  close  toleionce  tostener  trcles 
with  and  wtihoul  fastener  load  transfer  in  aluminum  plotes  subjected  to  18  ksi  comfonr 
amplitude  fat-iteld  loodiisg.  The  dtffeieitces  Petween  the  solves  o(  the  solid  ciivi  open  symbols 
represent  the  doto  scatter  «?bfait>ed  frcmi  fssodsrpllcore  tests,  Tfte  poir  ot  irumbeis  shossn  itsside 
the  parentheses  of  the  end  ot  t'och  sot  c>l  doto  rt*ptescM>t  the  tirsol  lengths  of  flu«  crock.  Tire 
first  lumber  corresponds  to  the  crock  length  oloirg  tire  hole  woll,  a,  orni  th«*  si'Csvsit  irumber 
carespoitds  to  the  crock  lerrgth  on  tlw  plote  si'ifoci'!,  c.  These  solves  sse:o  'neossirest  tioni  ih,. 
crock  sur f<Kes  vshiclr  ssetsr  .spened  offer  isssting.  The  tinol  lengths  of  some  tost  jjrswsing  crocks 
cevid  rs;st  be  meosvred  becoiise  tire  c<ock  sutl<Ks'’S  tsere  sisrsttosesi  ssireir  the  jxc'sstli  of  these 
crocks  wers  intent ioonllv  retorslesi  in  ern  oltempt  to  ccrilect  more  ‘Toto  Itorrr  the  slosser  gtossitrg 
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crocki  in  the  mmi*  tpvcimcn.  As  sMn  from  Figure  20,  (he  growth  role  at  the  hole  hoving 
fastener  lood  tronsfer  is  considerobi/  higher  thon  the  growth  rotes  of  the  other  holes.  The 
growth  rotsrs  ore  about  the  some  at  on  open  hole  arsd  close  tolerance  fastener  hole  without 
fostener  lood  transfer.  Growth  chorocterlstics  of  intermediate  corner  crocks  for  three  dif- 
ferent levels  (0.0024,  0.0038  end  0.0060  Inch  diometrul)  of  Interference  for  interference- 
fit  fostener  holes  ore  presented  in  Figure  21.  Bosed  on  the  limited  final  flaw  shapes  obtained 
in  the  eKperimental  pogrom,  it  was  found  that  the  final  flow  shape  of  oil  corner  cracks  emo- 
nating  from  interference-fit  fostener  holes  without  fostener  lood  tronsfer  was  very  close  to 
quarter  circular.  In  other  words,  the  crack  growth  rates  olong  the  hole  wall  and  the  plote 
surface  were  about  the  some.  However,  with  fastener  load  transfer,  the  crock  growth  rote 
along  the  plate  surface  becomes  higher  thon  that  along  the  hole  wall  as  reflected  in  the 
final  dimensions  shown  in  Figure  22  orsd  Table  31.  One  moy  conclude,  from  Figures  21 
ond  22,  that  the  test  data  scatter  obtained  from  the  tests  of  crack  growth  from  interference- 
fit  fostener  holes  is  very  large.  The  overage  doto  trend,  however,  indicotes  that  the  higher 
the  amount  of  diametral  interference,  the  slower  the  fatigue  crock  growth  rote.  The  crock 
growth  rate  does  .-sot  show  any  significant  change  when  about  10  percent  of  the  far-field 
applied  lood  is  reocted  through  the  fostener.  Figure  23  shows  the  similar  growth  behovior 
of  intermediate  corner  crocks  from  various  types  of  2.2  percent  cold-worked  holes.  There 
is  no  significont  difference  In  the  growth  rate  at  cracked  cold-worked  open  and  close 
tolerance  fastener  holes.  However,  with  fostener  load  transfer,  its  ossocioted  growth  rote 
is  higher  tlion  rhat  of  unlooded  holes  having  the  some  omount  of  cold-working.  The  final 
flaw  shape  of  comer  crack  emonating  from  cold-worked  holes  is  very  similar  to  that  of 
straight  reamed  holes  without  cold-working.  Figure  24  compares  the  growth  of  Intermediate 
corner  cracks  from  vorious  levels  of  cold  working.  The  detail  dimensions  during  the  cold- 
worked  operation  hove  been  given  in  Table  14. 

Figure  25  shows  a comparison  of  the  growth  behovior  of  intermediote  corner  crocks  from 
various  types  of  fostener  holes  in  22I9-T651  olumlnum  olloy  plates  subjected  to  18  ksi 
constant  amplitude  looding.  The  datu  shown  for  the  interference-fit  fastener  holes  is  the 
foslest  growing  one  of  duplicate  tests,  In  generol,  with  the  peconditioning  of  a fostener 
hole,  such  as  diametrical  interference  or  cold  working,  the  crock  growth  rote  is  significantly 
lower  them  that  of  o straight  reamed  hole  without  preconditioning.  The  growth  rote  on  the 
plote  surface  of  a cold-worked  hole  is  much  lest  thon  that  of  on  interference-fit  fastener 
Hole. 
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A^1of^^cT  Imprttctiit  obiptvatlah  Invclv^i  llii?  change  \n  fl{»w  ihaptn  during  ihe  gro^^th  oi 
cornet  crockt>  Fc^  a irralglil  toomod  l*olc  with  c*  wifhtKrf  cold  working,  dn?  linol  dlt»)en* 
tiot^  ort  the  itole  wall  U olmo.tf  olwayi  lorger  than  fhe  (Inol  dimertiloti  on  the  ploie  iurfoce, 
«ipec!all>'  for  the  cotd-workod  holei  pretenfed  in  Flgcire  26,  wirlch  thowi  the  typical  turfoertt 
of  carter  crocUt  emonating  from  o level  I cold-waked  open  hole  and  level  I cold-waked 
dole  tolerance  toilerwr  hole*  with  ortd  without  foitener  load  traiufer . Fo  inlet (erertcc- 
fit  icoterter  holm  without  toilcrter  toad  tromfer.  the  linol  flaw  ihape  ii  date  to  quartet 
citcuior.  F«  interference-fit  fastener  holes  hoving  foslerwi  load  transfer,  the  tinai  dinerr- 
sion  on  the  hole  woll  is  less  flnin  fhof  on  the  plofe  sutfoce. 

22I9-T851  Aluminum  Thru  Crock  Tesis  - Durir^  »he  course  of  selecting  the  optimum  for- 

field  stress  to  be  used  in  the  constant  amplitude  load  tests,  eoch  ol  iwosprrcinHrns  contoining 

snroll  thru  cracks  at  three  different  types  of  straight  roomed  holes  (open  , close  tolerance 

with  and  without  fastener  load  transfer)  were  loaded  at  R - 0.1  and  a ^ 28  and  24  ksi. 

max 

respectively.  The  results  cf  fisese  tests  arc  shown  inFiguie27.  \Vlren  the  llrst spi‘c imen  was 
looded  of  28Wsi,  the  crack  of  on  open  hole  grew  significantly  slower  ttson  the  one  located 
of  the  close  toleronce  fastener  Itole  witlsoul  hoving  fastener  lood  trorufer.  This  was 
somewhot  unexpected.  It  is  suspected  ihot  the  high  opplied  lood  created  large  yield 
zones  orouna  the  test  holes  which  may  have  affected  the  load  redistribution 
orsd  produced  interactiorss  between  cracked  holes.  When  the  second  specimen  wos 
loaded  ot  '24  ksi,  the  pattern  of  crock  growth  was  what  one  would  anticipate  based 
upon  o limar  onolysis.  Hos>e\ef,  itsere  >s  still  sizeable  yielding  orosxsd  each  test  (sole. 

To  ovoid  such  piastic'ity  effects  ond  olfet  the  examlnotion  at  both  die  fighter  ciHf  bomlvr 
spectra  (f)ie  moxinruni  r oot-mean-squore  stress  ol  rhe  ligfrfer  aisd  boniber  spectra  ore 
14,18  and  17,84  ksi,  respectively),  18kii  was  chosen  os  the  for-field  stress  for  oil 
constant  amplitude  lood  tests  for  oluminom  specinn'ns. 

Tire  results  of  tire  constont  amplitude  lood  tests  for  the  tfrru  crocked  olumirrum  specimetn  ore 
shown  in  Figures  28  tfvough 38.  Figcne  28  shows  fhof  the  crock  vsl  o locHiett  fosterrer  hole  grew 
much  slower  than  that  of  on  opetr  hole  ottd  oniooded  close  tolero'rce  losterrer  frole.  After 
the  test,  if  wos  fcxrrrd  tirot  the  fastener  used  in  ftre  orre-tiole  specimen  coirtoirring  fire  looded 
fastener  hole  (specinren  rro,  A-CA-3x)  gave  o much  fighter  lit  tirorr  wos  expected  of  tt>e  'reol- 
fit  Fosterrer  hole.  Due  to  this  small  amount  of  interference,  its  ossociofed  growth  rate  was 
reduced  significantly. 
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Figure  29  shows  the  growth  behavior  of  small  thru-cracks  emanating  from  three  interference- 
fit  fastener  holes  in  a 22I9-T851  aluminum  specimen  subjected  to  18  ksi  constant  ampli- 
tude loading.  The  levels  of  interference  were  0.0024"  and  0.0038"  with  and  without 
fastener  load  transfer.  This  specimen  was  designed  to  generate  growth  data  over  the 
range  of  small  to  large  flaws.  As  can  be  seen  from  this  figure,  after  70,000  of  the 
move  than  one-quarter  million  cycles  were  applied,  all  specimen  flaws  experienced 
practically  no  further  growth.  The  Initial  growth  increment  shown  may  occur  only  on  the 
surface  due  to  the  tunneling  of  the  crack  front  during  precracking  ond  installation  of 
an  interference-fit  fastener.  This  specimen  was  recycled  later  and  after  770,000  cycles 
were  applied,  no  crack  extension  was  observed  in  any  of  the  three  holes.  At  810,000 
cycles,  a crack  at  the  0.0024-inch  Interference-fit  fastener  hole  grew  to  0.55"  on  one 
surface  of  the  plate  but  not  on  the  other  surface.  At  822,000  cycles,  it  became  a uni- 
form thru  crack  and  the  specimen  failed  at  835,500  cycles  while  the  cracks  at  the  remain- 
ing two  holes  showed  no  growth  at  all . The  results  of  the  corresponding  unflawed  fatigue 
tests  are  also  shown  in  the  figure.  It  is  believed  that  the  effective  maximum  stress  in- 
tensity factors  at  0.0038"  interference-fit  fastener  holes  are  below  the  threshold  K 

max 

Therefore,  these  two  test  holes  behaved  like  those  of  fatigue  tests  without  intentional 
flaws. 

Figures  30  and  31  compare  the  growth  beliavior  of  intermediate  thru  cracks  from  interference- 
fit  fastener  holes  for  three  different  levels  of  interference  in  2219- T851  oluminum al I oy  plates 
subjected  to  constant  amplitude  18  and  21  ksi  far-field  loadings,  respectively.  There 
were  no  significant  differences  in  fatigue  crack  growth  rates  as  a result  of  the  intro- 
duction of  the  different  diametrical  Interferences. 

The  growth  behavior  of  intermediate  thru  cracks  from  level  3 interference-fit  fastener 
holes  in  aluminum  plate  superimposed  on  the  corresponding  growth  behavior  for  small  thru 
cracks  is  shown  in  Figure  32.  The  transition  from  small  thru  cracks  to  intermediate  tliru 
cracks  appears  to  be  very  smooth. 

Figure  33  typifies  the  growth  behavior  of  a small  thru-crack  emanating  from  a cold- 
worked  hole.  From  this  figure,  it  can  be  seen  that  the  growth  of  the  crack  is  far  from  uniform 
through  the  thickness  of  the  plate.  The  crack  grows  much  faster  on  the  entrance  side  of 
the  mandrel.  In  most  cases,  the  crock  growth  on  the  exit  side  of  the  mandrel  is  completely 

retorded  duo  to  cold-working.  The  growth  pattern  of  a small  thru-crack  emanating  from  a 
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cold-worked  hole  h very  *lmilor  Kj  that  of  o corr^er  crock  with  « vcmv  o/c  latio.  Tlii» 
phenomenon  wni  not  ob»erved  In  te»t*  of  large  thru  cracks  emanating  from  cold-worked 
holes.  One  fxissihle  oxplonofion  is  that,  during  the  cold-working  operation,  the  Up  of 
the  sleeve  i*  pulled  up  against  the  edge  of  the  hole  on  the  exit  side  of  the  mondrel  by 
the  cold-working  gun.  Such  on  o^>eratton  pnviuces  a higher  than  nonunol  residual  com- 
pressive stress  in  the  orea  where  the  lip  ot  the  sleeve  mokes  contoct  with  the  plote.  Fex  o 
smcillet  flow,  tire  clock  tip  foils  within  tlris  siteo.  Theietote,  the  clock  sjiosvth  is  refolded 
on  the  exit  side  of  the  moinliol.  lor  o longei  crock,  the  clock  tip  is  located  outside  liie 
affected  region  and  tise  crack  gnaws  more  or  less  uniformly  through  the  thickness. 

Figures  34  arid  35  show  the  growth  belrovior  of  intermediate  tirru  crocks  front  o 2.  2*’.-  cold- 
vvoikcd  open  hole  ond  2. 2‘'k'Cold-woiked  close  tolerance  litstcner  Itoles  with  ond  without  ItTStont'i 
load  tianster  in  alumiiumt  alloy  plates  subjected  to  18  ksi  tar~lield  loading.  Slmilot  lesulls 
for  large  initial  crocks  are  presented  In  Figure  36.  From  Figures  34  througls  36,  one 
can  see  that  the  growth  of  o thru  crack  emonaiing  from  o 2.2'V  cold-wtxkod  open  hole  is 
slightly  slower  than  the  conesponding  ^jicwtlt  from  the  ccriesponding  cold-svoiked  Itole  Itoving 
o close  foleraiKO  tostenor.  Tlie  eltecf  ot  the  lO'V  tostenei  load  tionsfei  on  crock  growth 
docicosos  with  inctecising  clock  length.  WIteit  lh«>  crock  lengtli  is  heyoitd  0.15",  tlte  lood 
tiansfoi  oiteef  is  coiiipletely  negligible. 

figure  37  compares  tlie  growth  latcs  ot  loirie  thru  crocks  liom2.2'’.-,  o.P'V  oixt  5.  4'\.  cold- 
worked  open  holes.  As  seen,  the  higher  the  level  of  cold  working,  the  slower  the 
fatigue  crack  growth  rate.  Figure  38  presents  o compoiison  ot  tlie  growth  behovi if 
ot  loigo  thin  crocks  tiom  soiiixis  typos  ot  tostenor  hoios  in  221V’-T8M  olumiimni  alloy  plotos 
subjoefod  to  18  ksi  consfont  omplitudo  Icxrding. 

6As  -4V  Botvi  Anneoled  Titonium  Coinei  Ciock  Tests  - The  issuits  ot  titanium  coinei- 
c locked  specimens  tested  uisdei  constantamplitucie  40ksi  toi -field  loading  are  presented  in 
Figures  39  through 44.  Figuie  39shows  fire  growth  Udiavior  of  small  cornei  clocks  from  on 
opmi  and  i U»e  toleiance  fasteiici  holes.  Use  oxpoiimcntal  doto  scatter  ot  two  duplicote 
tests  foi  tlie  open  hole  specimen  looks  fairly  lorgc.  However,  most  of  tliedifloieiKw  occuis  in 
the  legion  of  small  crock  length  only.  Wlien  the  crock  length  extends  tiom  small  to  intei - 
mediate  size,  such  scatter  becomes  very  small  and  the  growth  behavior  is  exoctly  what 
one  would  expect  from  the  tinoor  elastic  fracture  mechanics  j^Kiint  of  view,  i.e. . o ciock 
ot  o loodod  losto  hcl<*  kV 4 tho  ccKioipv'iu^ii>v7  ones  ot  oti  ojh*m  hole  kinv^  vio  uo- 
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lofided  cloie  toleionce  fastener  hole  os  shown  In  figure  40.  Figure  41  shows  the  growth 
patterns  of  internwdiate  corner  crocks  from  three  different  levels  of  diartretrical  interference 
(0,0034",  0,0042"  and  0.0050")  in  titanium  plate.  Based  upon  surface  meosurements 
and  the  final  crock  dimensions  measured  from  tire  opened  crock  surfaces,  one  may  conclude 
thot  the  level  of  interference  (between  0.0034"  and  0.0050")  does  trot  have  a significant 
influence  on  the  crock  growth  from  interference-fit  fastener  holes.  Tliis  phenomenon  has 
also  been  observed  for  the  alumlirum  material.  Tire  effect  of  fastener  load  trorrsfer  on  the 
growth  of  intermediate  comer  cracks  from  0.0042"  and  0.0050"  interference-fit  fastener 
holes  is  shown  in  Figure  42.  As  con  be  seen,  with  fastener  lood  transfer,  the  growth  of 
the  crock  is  slightly  slower  on  the  plate  surface.  The  some  behavior  was  observed  in  the 
test  of  aluminum  specimen  A-CA-3.  Results  for  intermediate  corner  cracks 
emanating  from  1 .6%  cold-worked  holes  with  vorious  types  of  fastener-hole  conditions  ore 
shown  in  Figure  43.  With  fastener  load  transfer,  the  crock  growth  rote  is  higher  as  antici- 
pated. Cracks  at  cold-worked  open  holes  grew  practially  ot  the  some  rote  os  their  counter- 
parts in  holes  with  the  same  level  of  cold  work  but  filled  with  close  tolerance  fasteners. 

Similor  to  tire  aluminum  material , all  titanium  corner  crack  test  holes  wereopened  after  the 
tests  and  the  finol  dimensions  (both  surface  and  hole  wall)  of  the  cracks  were  measured. 
Tliese  measured  volues  have  been  included  in  the  appropriate  figures.  The  final  crack 
lengths  of  all  the  available  test  holes,  which  include  both  oluminunr  and  titanium  materials, 
are  also  tabulated  in  Table  31 . 

One  unique  feature  observed  from  Table  31  is  that  for  almost  all  interference-fit  fastener  holes, 
the  final  dimension  on  the  surface  is  consistently  larger  than  the  corresponding  one  on  the 
hole  woll.  However,  for  cold-worked  ar>d  straight  reamed  holes,  the  final  crack  length 
on  the  surface  is  smaller  than  the  corresponding  or*e  on  the  hole  wall. 

Figure  44  com(>ares  the  growth  behavior  of  inteimediate  corner  crocks  from  various  types 
of  fastener  holes  in  6A/-4V  beto  onrtealed  titonium  alloy  plotes  subjected  to  a constant 
omplitude  loading  ot  40  ksi  and  R 0. 1 . As  seen  from  the  fifure,  the  growth  of  a corner 
crock  is  the  slowest  at  an  interference-fit  fastener  hole,  followed  by  a cold-woiked  hole, 
close  tolerance  fastener  hole  and  open  hole. 
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6A<-4V  Beta  Anneoled  Tthinium  Thru  Crock  Tesh  - The  experimenlot  result*  for  the 
titanium  thru  crack  specimens  tested  under  40  ksi  constant  amplitude  loading  and  R = 0. 1 
ore  presented  in  Figures  45  through  52.  Figure  45  shows  the  growth  chorocteristics  of  small 
thru  cracks  from  on  open  ond  close  tolerance  fastener  holes  with  arrd  without  fastener  lood 
transfer  in  6Ai"4V  beta  annealed  titanium  oltoy  plates.  As  previously  mentioned,  the 
amount  of  fostener  load  transfer  was  chosen  so  that  the  ratio  of  the  resulting  beoring  stress 
and  tire  for-field  applied  stress  was  about  I.O.  Therefore,  the  percentage  of  the  applied 
load  which  was  transferred  through  the  fastener  was  dependent  upon  the  fastener  hole  diom- 
eter  and  the  width  of  the  specimen.  For  a 4"  wide  specimen,  the  amount  of  load  transferred 
through  the  fastener  was  about  10%  in  each  loaded  aluminum  specimen  and  7%  in  each 
loaded  titanium  specimen  due  to  the  difference  in  hole  diameters.  Tfierefore,  the  effect  of 
fastener  load  transfer  on  the  crack  growth  rates  in  the  titanium  specimens  wos  not  os  severe 
os  in  the  aluminum  specimens.  This  is  reflected  in  the  results  shown  In  Figure  45.  Figure 46 
shows  the  growth  of  small  and  intermediate  thru  cracks  from  levels  1 and  3 (0.0034"  ond 
0.0050")  interference-fit  fastener  holes  in  titanium  plates  subjected  to  40  ksi  constant  ompli- 
tude  loading.  For  crack  lengths  larger  than  0.05  inch,  tlie  giowth  rates  are  practically  the 
same  for  both  levels  of  interference-fit  fastener  holes.  Figure  47  shows  the  growth  behavior 
of  small  thro  cracks  from  level  2 interference-fit  fastener  holes  with  ond  without  fastener 
load  transfer  in  titanium  plates.  The  results  of  these  tests  indicate  that  tire  crock  growth  rate 
decreases  considerably  with  fastener  load  tronsfer.  After  reexamination  of  the  test  records, 
it  was  found  that  both  load  trorrsfer  specimens  (T-CA-I I ond  T-CA-12),  eoch  containing 
three  interference- fit  fastener  holes  (see  Table  I5),  foiled  in  the  grip  section.  Because  of 
the  damage  in  the  grip  section,  the  effective  load  tne  crock  tip  experienced  could  be  for 
less  than  planned,  resulting  in  much  slower  crack  growth.  The  crock  growth  rotes  of  level  2 
interfererKe-fit  fastener  holes  without  fastener  load  transfer  are  very  comparable  to  those 
shown  in  Figure  46  for  levels  I ar*d  3 interference-fit  holes. 

The  results  of  the  constant  amplitude  tests  for  the  titanium  specimens  containing  thru-cracked 
cold-worked  holes  ore  presented  in  Figures  48  through  52.  Figure  48  shows  the  crock  growth 
of  six  thru  crocks  from  level  1 cold-worked  open  holes  in  titanium  plates  subjected  to  40  ksi 
coiutont  amplitude  for-field  loading.  The  initial  crack  lengths  used  in  these  tests  included 
smalt,  intermediate  and  large  crocks.  The  origins  of  eoch  data  set  having  initially  inter- 
mediate and  targe  cracks  ore  so  located  that  the  estimated  time  required  to  grow  the  crack 
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from  small  initial  size  to  the  largest  crock  length  obtained  during  these  tests  will  be  con- 
servative. Similar  results  for  thru  cracks  from  level  1 cold-worked  close  tolerance  fos- 
tener  holes  with  ond  without  fostener  lood  transfer  ore  given  in  Figures  50  and  49,  respec- 
tively. As  seen  from  Figures  48  through  30,  the  effect  of  initial  crock  size  on  the  growth 
behavior  of  thru  crocks  from  various  types  of  level  1 cold-worked  holes  is  fairly  small. 

For  a neot-fit  hole  having  fastener  load  trai^fer^  the  crock  grew  somewhat  faster  than  the 
corresponding  crack  at  a neat-fit  hole  without  fastener  load  transfer.  However,  the 
crack  at  an  open  and  neat-fit  cold-worked  hole  shows  practically  no  difference  in  growth 
rote.  Figures  51  and  52  show  the  growth  behavior  of  thru  crocks  for  two  higher  levels  of 
cold  working  for  open  holes.  For  a large  initial  crock,  the  growth  rate  of  the  first  small 
increment  of  growth  is  considerably  smaller  than  the  corresponding  growth  rate  extended 
from  a small  initial  crack.  This  growth  characteristic  wos  not  observed  in  the  tests  of  the 
lowest  level  of  cold-worked  holes. 


3.2  Bomber  Spectrum  Load  Tests 


2219-T851  Aluminum  Corner  Crack  Tests  - The  results  of  the  corner  crack  tests  for  the 
aluminum  specimens  subjected  to  standard  severity  bomber  spectrum  loading  are  presented 
in  Figures  53  through  60.  Figure  53  shows  the  growth  behavior  of  small  corner  cracks  from 
an  open  hole  and  close  tolerance  fastener  holes  with  and  without  fastener  load  transfer. 
Similar  data  obtained  from  the  testing  of  large  initial  cracks  reported  in  Reference  2 ore 
also  included  in  the  figure.  These  large  crack  data  extend  tire  small  crock  data  generated 
under  this  prosyam  quite  well.  As  anticipated,  the  crock  grew  faster  from  the  loaded  fas- 
tener hole  than  those  from  on  open  hole  and  close  tolerance  fastener  hole  without  fastener 
load  tronsfer.  Figure  54  compares  the  crack  growth  of  intermediate  corner  crocks  for  three 
different  levels  of  interference-fit  fastener  holes  in  22I9-T851  aluminum  alloy  plates  sub- 
jected to  the  bomber  spectrum  loading.  The  levels  of  diamelricol  interference  used  in  the 
bomber  spectrum  load  tests  are  exactly  the  same  os  those  used  in  the  constant  amplitude 
load  tests.  Two  data  points  reported  in  Reference  2 from  the  testing  of  a lorge  corner 
crack  emanating  from  a level  2 interference-fit  fastener  hole  are  also  included  in  Figure 
54.  The  trend  of  the  data  clearly  shows  that  the  larger  the  omount  of  interference,  the 
slower  the  fatigue  crack  growth  rates.  Figure  55  shows  the  effect  of  fastener  lood  transfer 
on  the  crock  growth  behovior  of  intermediote  corner  cracks  from  level  2 interference-fit 
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fcafttner  holes  in  aluminum  specimens  subjected  fo  the  bomber  spectrum  looding.  One 
set  of  test  data  generated  In  Reference  2 is  olso  shown  as  solid  star  symbols  in  the  figure. 
The  growth  chorocteristics  of  intermediate  corner  crocks  from  various  types  of  level  I 
cold-worked  holes  in  2219-T851  aluminum  alloy  plates  subjected  to  the  bomber  spectrum 
looding  ore  shown  in  Figure  56.  The  crock  at  the  looded  cold-worked  hole  grew  the 
fastest,  followed  by  the  neat-fit  cold-worked  hole  and  then  the  cold-worked  open  holes. 
A similar  trend  was  observed  in  the  constant  amplitude  tests  of  cold-worked  fastener 
holes.  Figure  57  comperes  the  crock  growth  of  intermediate  corner  cracks  from  level  1 
and  level  2 cold-worked  open  holes.  Comparisortt  of  the  growth  behavior  of  corner 
cracks  from  two  different  levels  of  cold-worked  open  holes  ond  compatible  levels  of 
interference-fit  fastener  holes  are  shown  in  Figures  58  and  59.  Considering  the  scotter 
of  experimental  test  data,  the  growth  rates  are  practically  the  same  for  intermediote 
corner  cracks  from  the  some  level  of  cold-worked  hole  ond  interfereiKe-fit  fastener  hole. 
These  growth  rates  ore  slower  than  the  corresponding  rates  at  straight  shank  reamed  holes 
without  preconditioning  os  given  in  Figure  60. 

2219-T85I  Aluminum  Thru  Crock  Tests  - The  results  of  the  tests  for  thrircrocked  aluminum 
specimens  subjected  to  the  bombe.'  spectrum  loading  ore  given  in  Figures  61  through  69. 
Figure  61  shows  the  growth  behavior  of  small  thru  cracks  from  an  open  hole  and  close 
tolerance  fastener  holes  with  and  without  fastener  lood  transfer  in  aluminum  plates  sub- 
jected to  the  bomber  spectrum  loading.  The  growth  of  intermediate  thru  crocks  from 
interference-fit  fastener  holes  for  three  different  levels  of  interference  is  shown  in  Figure 
62,  in  which  the  growth  of  a crock  ot  a level  3 interference-fit  fastener  hole  grew  some- 
what faster  than  the  corresporKling  crack  at  a level  2 interference-fit  hole  obtoinrsd  from 
a different  specimen.  Figure  63  compares  the  crock  growth  of  intermediate  thru  cracks 
from  level  2 interference-fit  fastener  holes  with  and  without  fastener  load  transfer. 

Figures  64  through  66  present  the  results  of  five  similar  tests  on  aluminum  specimera  con- 
taining level  1 cold-worked  open  and  close  tolerance  fastener  holes  with  and  without 
fastener  load  transfer,  respectively,  subjected  to  the  bomber  spectrum  looding.  Data 
scatter  is  largest  when  fostener  load  transfer  is  present.  In  general,  for  o same  type  of 
fastener-hole  condition,  data  scatter  increases  with  decreasing  initial  crock  length.  The 
growth  rates  for  cracks  originating  at  cold-worked  open  and  close  tolerarKe  fastener  holes 
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are  practically  the  tome,  while  crocki  at  loaded  foitener  holes  have  foster  growth  rates. 
Figure  67  compares  the  crock  growth  of  lorge  thru  cracks  from  three  different  levels  of 
cold  working  for  open  holes  In  22I9-T85I  aluminum  alloy  ploNrs  subjected  to  the  bomber 
spectrum  loading.  As  seen  from  the  figure,  when  the  level  of  cold  working  increases, 
the  crock  growth  life  increoses.  The  crock  growth  of  intermediate  thru  cracks  from 
level  2 interference-fit  and  level  2 cold-worked  holes  are  compared  in  Figure  68. 

Figure  69  summarizes  a comparison  of  the  growth  chorocterlstics  of  smotl  thru  cracks  from 
various  types  of  fastener  holes  In  22I9~T851  aluminum  alloy  plates  subjected  to  the 
bomber  spectrum  looding.  It  is  clear  that  both  cold  working  ond  diametrical  Interference 
hove  offered  a significant  benefit  by  retarding  the  fatigue  crock  growth  under  the  bomber 
spectrum  loading,  especially  when  the  crock  length  is  less  than  0. 15  inch. 
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6AI-4V  Beta  Annealed  Titanium  Comer  Crock  Tests  - Figures  70  through  76  show  the  growth 
behavior  of  corner  crocks  from  vorious  types  of  fastener  holes  in  6AI-4V  beta  annealed  ti- 
tanium plates  subjected  to  the  bomber  spectrum  loading.  During  the  testing  of  specimen  no. 
T-BS-1 , which  contains  an  open  hole  ond  close  tolerance  fastener  both  with  and  without 
fastener  load  transfer,  the  crack  at  the  loaded  close  tolerance  fastener  hole  grew  much 
faster  than  the  other  two  holes  after  the  crack  extended  from  0.01  Inch  to  about  0.1  inch. 
The  test  results  of  large  cracks  reported  In  Reference  2 ore  olso  included  in  Figure  70  for 
straight  reomed  holes  ond  in  Figure  71  for  level  1 (0.0034  Inch  diometricol)  interference- 
fit  fastener  holes.  Figure  72  compares  the  growth  behavior  of  intermediate  corner  cracks 
from  interfererKC-fit  fastener  holes  for  three  different  levels  of  interference  in  titanium 
alloy  plates  subjected  to  the  bomber  spectrum  looding.  As  seen  from  Figure  72,  the 
cracks  for  the  two  higher  levels  of  interference  grew  much  slower  than  the  corresponding 
cracks  fa  the  level  1 interference  which  showed  o lorge  amount  of  data  scatter.  The 
results  of  duplicate  tests  fa  intermediato  carter  cracks  from  level  1 cold-waked  Open 
holes  aitd  close  tolerortce  fastener  holes  with  and  without  fostener  load  transfer  are  shown 
in  Figure  73.  The  cracks  grew  fastest  fa  the  loaded  fastener  holes.  The  cracks  at  the 
cold-waked  open  and  close  tolerarKe  fastener  holes  without  fasterser  lood  transfer  showed 
compaable  growth  rates.  When  the  amount  of  cold  waking  increases,  the  fatigue  crock 
growth  rotes  decrease.  This  is  reflected  in  Figure  74,  which  shows  the  growth  of  inter- 
mediate caner  cracks  from  cold-waked  open  holes  fa  three  different  levels  of  cold  wak- 
ing in  titanium  alloy  plates  subjected  to  the  bomber  spectrum  looding.  Comporisons  of  the 
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crock  growth  bohovior  of  intermediate  corrret  crocks  from  the  comparable  cold-worked 
holes  ar>d  interference-fit  fostener  holes  ore  shown  in  Figures  75  and  76.  In  general, 
doto  obtoifsed  from  the  testing  of  crocks  from  interference-fit  fastener  holes  show  o 
larger  amount  of  scatter  than  dota  for  cold-worked  holes. 

6At-4V  Beto  Anneoled  Titonium  Thru  Crock  Tests  - The  results  of  the  thru  crock  tests  for 
titanium  specimens  subjected  to  the  bomber  spectrum  looding  ore  presented  in  Figures  77 
through  84.  Figure  77  shows  the  crock  growth  behavior  of  small  thru  crocks  from  an 
open  hole  and  close  tolerance  fosteiser  holes  with  at>d  without  fastener  load  transfer  in 
6A£-4V  beta  annealed  titanium  alloy  plates.  Figure  78  compares  the  growth  behovior  of 
intermediate  thru  cracks  from  both  level  2 and  level  3 interferertce-flt  fasteiser  holes. 

The  test  data  show  that  the  cracks  at  the  higher  level  of  interferersce  grew  slower  than  the 
corresponding  cracks  ot  lower  level  of  interfereiKe . Specimen  No.  T-BS-10  contoined 
intermediate  thru  crocks  at  three  level  2 interference-fit  fastener  holes.  One  of  the 
holes  hod  fosterser  load  trocrsfer.  When  this  specimen  wos  subjected  to  the  bomber  spec- 
trum lood,  the  crock  at  the  loaded  hole  grew  slower  than  the  crocks  at  the  other  holes, 
os  illustrated  in  Figure  79.  The  other  two  test  holes  show  procticolly  no  difference  in 
growth  rotes.  Figures  80  to  82  show  the  results  of  four  similor  tests  on  titanium  specimens 
containing  small  to  large  initial  through  cracks  ot  a level  1 cold-worked  open  hole  and 
close  tolerance  fastener  holes  with  and  without  fastener  load  tronsfer,  respectively.  The 
data  scatter  is  relatively  small  in  comparison  to  that  of  interference-fit  fastener  holes. 
From  these  three  figures,  one  can  see  that  the  cracks  at  the  cold-worked  holes  hoving 
fastener  load  tiansrer  grew  fostei  than  the  corresporrding  cracks  ot  the  cold-worked  open 
holes,  while  the  crocks  at  the  neot-fit  cold-worked  holes  grew  the  slowest.  The  growth 
behavior  of  large  thru  cracks  from  three  different  levels  of  cold  working  in  titanium  plates 
subjected  to  the  bomber  spectrum  loading  is  shown  in  Figure  83.  The  trend  of  the  crack 
growth  behavior  is  exactly  as  anticipated,  i.e.,  the  higher  level  of  cold  working  results 
in  the  slower  fatigue  crock  growth  rates.  Figure  84  compares  the  growth  of  intermediate 
thru  cracks  from  level  2 cold-worked  open  holes  ond  level  2 interference-fit  fastener 
holes  in  titanium  alloy  plates  subjected  to  the  bomber  spectrum  looding.  The  growth  rotes 
for  these  two  different  types  of  preconditioned  fastener  holes  are  practically  the  same. 

3.3  Fighter  Spectrum  lood  Tests 

2219- T8SI  Aluminum  Corner  Crock  Tests  - The  results  of  the  tests  for  the  alumirtum  corner 


cracked  specimens  subjected  to  c standord  severity  fighter  spectrum  loading  ore  presented 
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in  Figure*  85  through  89.  Figure  85  show*  the  growth  behovior  of  small  corner  crocks 
from  on  open  hole  and  close  tolerorKe  fostener  holes  with  and  without  fastener  lood  trans- 
fer. Dota  obtoined  from  the  testing  of  initial  large  coriser  crocks  reported  in  RefererKC  2 
ore  also  included  in  the  figure.  The  growth  rates  of  the  cracks  at  the  open  hole  and  the 
close  toierofKe  fosterser  hole  having  about  10%  fostener  load  trarssfer  are  about  the  tome, 
while  the  crock  at  the  close  tolerorKe  fastener  hole  without  fostener  lood  transfer  shows 
significantly  slower  growth  rates  then  the  other  two.  Figure  86  shows  the  crock  growth 
behovior  of  small  and  intermediate  corner  cracks  from  interfererKe-fit  fastener  holes  for 
three  different  levels  of  interference  in  aluminum  plates  subjected  to  the  fighter  spectrum 
looding.  These  test  results  include  two  intermediate  corner  cracks  from  level  2 inter- 
r'erence-flt  fastener  holes  hoving  about  i0%  fastener  food  transfer.  As  seen  from  this 
figure,  the  higher  the  amount  of  diametrical  interfererKc,  the  slower  the  fatigue  crock 
growth  rate.  Also,  a small  amount  of  fastener  lood  transfer  results  in  foster  growth  rotes. 
Figure  87  shows  the  growth  characteristics  of  intermediate  corner  crocks  from  vorious  types 
of  level  I cold-worked  fosterrer  holes  in  aluminum  plotes  subjected  to  the  fighter  spectrum 
looding.  Figure  88  compores  the  test  results  of  intermediote  corner  crocks  from  level  I 
cold-worked  holes  and  level  I InterfererKe-Ht  fostener  holes.  The  growth  rates  obtained 
from  the  tests  of  crocks  at  these  two  different  types  of  preconditioned  fastener  holes  ore 
approximately  equal.  However,  these  growth  rotes  ore  cocuiderobly  slower  than  the  corre- 
sponding rotes  ot  straight  reamed  open  holes  as  shown  in  Figure  89, 

2219-T85I  Aluminum  Thru  Crock  Tests  - The  results  of  the  test*  of  alumirrum  thru  crock 
specimens  subjected  to  the  fighter  spectrum  looding  are  presented  in  Figures  90  through  97, 
Figure  90  shows  the  growth  behavior  of  intermediate  thru  crocks  from  an  open  hole  and 
close  tolerance  fostener  holes  with  ar>d  without  fastener  lood  trarafer.  The  crocks  ct  the 
open  hole  and  unlooded  neat-fit  fosterser  hole  show  practically  the  some  growth  rates, 
while  the  crock  ot  the  looded  neat-fit  hole  grew  much  faster  than  the  others.  The  crock 
growth  behovior  of  intermediate  thru  cracks  from  interference-fit  fosterser  holes  for  three 
different  levels  of  interference  in  aluminum  plates  subjected  to  the  fighter  spectrum  lood- 
ing is  shown  in  Figure  91 . When  the  amount  of  diametrical  interference  increases,  the 
fatigue  crock  growth  rates  decrease  rapidly.  The  data  scatter  obtoined  from  the  tests  of 
four  level  3 interfererKe-fit  fastener  holes  is  fairly  lorge  con  be  seen  from  Figure  ‘*2. 
Similar  results  obtained  from  five  separate  tests  of  initially  smoll  to  lorge  thru  cracks  from 
various  types  of  level  1 cold-worked  holes  are  shown  in  Figures  93  through  95.  In  general. 
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rtiii  dota  tcoHer  it  contidecobly  lorger  than  that  from  oil  othor  hettt.  Afttr  lh«  letting 
wot  completed,  the  crock  turfocet  were  opened.  Typicol  motkingt  on  the  crock  turfocei 
ore  thown  in  Figure  96.  Based  on  the  exominotton  of  the  fiocture  turfocet,  it  it  believed 
that,  when  the  initiol  crock  length  it  tmoll  (well  within  the  residual  compreutve  zone 
resulting  from  cold  working  the  hole),  the  influence  of  the  residual  compreulve  ttresses 
it  ttrcMiger  thon  the  retordotion  effect  created  by  the  tensile  overlood  during  the  opplico- 
tion  of  the  Fighter  spectrum  lood.  However,  when  the  initial  crock  length  it  iorge,  tome 
occeierotion  occurs  during  the  first  few  increments  of  crock  growth,  followed  by  slower 
growth.  The  markingi  of  the  crock  surface  for  the  initially  large  crock  (Figure  96) 
clearly  show  that  the  tpocingt  of  the  Tirtt  three  markings,  corresponding  to  the  first  three 
blocks  of  flights  of  the  Tighter  spectrum  loorh,  are  wider  than  the  subsequent  ones.  Eoch 
block  consists  of  six  flights.  After  the  application  of  the  first  18  flights,  the  retardation 
effect  due  to  the  high  overload  ploys  more  and  more  an  important  role  than  the  residual 
compressive  stresses  created  during  the  cold  working  operations.  After  the  first  few  incre** 
ments  of  crock  growth,  the  subsequent  growth  of  the  crock  becomes  stoble,  and  the  growth 
behavior  is  more  or  less  what  one  would  anticipate.  Such  growth  behovlor  wos  not  ob- 
served during  the  bomber  spectrum  load  tests.  This  may  be  because  the  fighter  spectrum 
has  o higher  overlood  ratio  than  that  of  the  bomber  spectrum.  Figure  97  shows  the  growth 
behavior  of  small  thru  crocks  from  three  level  2 cold-worked  open  holes  in  oluminum  speci- 
mens subjected  to  the  fighter  spectrum  ioodittg. 

6Af-4V  Beto  Anrsealed  Titonium  Corner  Crock  Tests  - The  results  of  the  corner  crock  tests 
for  6A£-4V  beta  annealed  titanium  alloy  plates  subjected  to  the  fighter  spectrum  loading 
are  presented  in  Figures  98  through  102.  During  the  testing  of  specimen  T-FS-1,  the  crock 
ot  the  looded  close  tolerance  fastener  hole  grew  much  faster  than  the  crocks  at  the  other 
two  test  holes.  The  specimen  failed  through  the  first  test  hole  before  enough  data  could  be 
obtained  on  the  other  test  holes.  The  results  of  this  test  are  shown  in  Figure  98.  Figure  99 
shows  the  growth  behavior  of  intermediate  corner  crocks  from  interference-fit  fastener 
holes  for  three  different  levels  of  interference  and  Figure  100  shows  similor  results  of  inter- 
mediate corner  cracks  from  level  2 interference -fit  fastener  holes  with  and  without  fostener 
load  tronsfer  in  titanium  alloy  plates  subjected  to  the  fighter  spectrum  looding.  The  data 
presented  in  these  two  figures  show  a fairly  large  amount  of  scatter  and  no  consistent  relo- 
tionship  can  be  established  between  the  level  of  interference  orKi  its  ossocioted  fotigue 
crock  growth  rate.  Test  results  obtoined  from  the  testing  of  corrter  crocks  from  various 


32 


cold-corked  foilener  hotel  ore  ihown  in  Figuret  101  and  102.  For  the  tome  level  of 
cold  working,  the  crock  of  o Iboded  hole  grew  contitlsntiy  foiter  than  the  corresponding 
cracks  el  on  open  hole  and  unlooded  neat*Ht  hole.  The  results  shown  in  Figure  102 
indicole  thol,  when  the  amount  of  cold  working  increases,  the  ossociated  fotigue  crock 
growth  rates  decteote . 

6A/-4V  fteto  Anneoled  Tltonium  Thru  Crock  Tests  - Figures  103  through  109  present  the 
results  of  thru  crock  tests  on  titanium  specimens  subjected  to  the  fighter  spectrum  loading. 
Figure  103  shows  the  growth  behovior  of  small  thru  crocks  from  on  open  hole  and 
close  toleronce  fostener  holes  with  aixl  without  fostener  tood  transfer.  After  the  opplicotion 
of  325  flights  on  specimen  T-FS*9,  which  contoined  three  interference-fit  fastener  holes 
having  initlolly  small  thru  cracks,  all  three  cracks  showed  procticoliy  no  growth.  It  is  believed 
thot  the  moximum  effective  streu  intensity  foctors  for  these  smalt  crocks  wos  below  the  thresh- 
oid  • Figure  104  compares  the  crock  grawth  of  inteimediote  thru  cracks  from  level  2 
interference-fit  fastener  holes  with  and  without  fastener  lood  transfer,  while  Figure  105 
presents  the  results  of  Four  tests  of  small  to  intemediots  thru-cracks  from  level  3 inter- 
ference-fit fastener  holes  in  tltonium  alloy  plates  subjected  to  the  fighter  speuirun)  loodlng. 

crock  growth  behavior  of  smalt  to  large  initial  crocks  from  level  1 cold-worked  holds 
in  6AC-4V  beto  onneoied  tltonium  olloy  piotes  subjected  to  the  fighter  spectrum  tooding 
is  shown  in  Figure  106  for  open  holes  ond  in  Figures  107  ond  108  for  close  tolerorKe  fas- 
tener holes  with  and  without  fastener  load  transfer,  respectively.  The  amount  of  data 
scatter  is  large,  but  it  is  not  os  large  os  the  scotter  obtained  horn  the  fighter  spectrum 
loading  tests  on  the  aluminum  specimens.  Figure  109  shows  the  growth  behavior  of  inter- 
mediate thru  crocks  from  two  level  2 cold-worked  open  holes.  By  comparing  this  figure 
with  Figure  106,  it  is  clear  thot  increasing  the  amount  of  cold  working  leods  to  substan- 
tially slower  growth  rates. 

4.  FRACTURE  TESTS  OF  FLAWED  COLD-WORKED  HOLES 

A failure  criterion  which  could  accurately  predict  the  failure  of  flowed  structures  would  be  o 
useful  engiiseering  tool  for  the  evaluation  of  structural  integrity  and  the  selection  of  materials. 
Lirteor  elastic  fracture  mechonics  provides  a one-porameter  failure  criterion,  K^,  for  cracked 
structures  with  small-scale  yieldirtg.  However,  for  o crack  emonoting  from  a cold-worked 
hole,  due  to  the  presence  of  the  lorge  plostic  stroiiu  induced  during  cold-working  process, 


5. 


U mciy  b*  that  tlw  failure  coimot  be  chorocterlzed  completely  by  linear  elostic  frocture 
mechonict. 

Three  speetmem,  each  contclnlrtg  voriout  initial  crock  lerrgths  ot  level  I cold>worked  open 
hdei,  were  tested  in  the  tome  manner  at  thote  used  in  the  K.  tetti,  for  both  the  22I9*T851 

otuminum  and  6Ait‘'4V  beta  annealed  titanium  materloli.  The  retultt  of  these  tests  ore  tobu** 

\ 

loted  in  Table  32. 

5.  THRESHOLD  CRACK  LENGTHS 

it  it  generally  occepted  thot  the  stress  intensity  factor  controls  the  rote  of  propagation 
of  a fatigue  crock.  Any  cracked  structure  can  be  expected  to  respond  in  a predictoble 
moniserto  ogivenloodeycle  if  its  ossociated stress  Intensity  foctor  it  ovollable.  Sich  a 
response  usually  is  in  the  form  of  an  increment  of  crock  growth.  Therefore^  for  pre* 
dictive  purposes/  the  bosic  constant  amplitude  crock  growth  rote  doto  !t  presented  in 
the  form  of  the  instontorteous  crock  propagation  rote/  do/dN,  os  o function  the  stress 
intensity  range/  AK.  In  this  relotionship/  there  is  o threshold  volue  of  dK,  toy 
below  which  o crocked  structure  does  not  hove  meosutoble  crock  extension  due  to 
fatigue  cyclirtg. 

Normally/  the  crock  growth  rote  doto  show  seme  scotter,  and  the  leost-squore  mean  line 
representation  of  oil  the  test  date  is  used  to  estobiish  the  do/  dN  vs.  AK  relationship. 

For  a given  ^/  the  scatter  of  its  ossociated  growthrote  normally  will  irKreose  os  the 
volue  of  .\K  decreoses,  especiolly  when  AK  approoches  • Tiris  is  illustrated  in 

Figures  10  and  1 1.  The  value  of  AK^^^  observed  during  the  boseline  crock  growth  rate 
tests  ranged  from  1.1  to  1 .9  ksi^^n.  for  the  aluminum  alloy,  ond  from  2.8  to 
3.7  ksi^in.  for  the  titanium  alloy. 

In  the  crack  growth  testS/  if  the  crack  size  is  so  smoil  or  the  applied  iood  is  so  low 
thot  the  stress  intensity  foe  for  range  is  smaller  than  AK.,  , one  would  anticipate  that 
the  crack  will  not  grow,  ond  the  growth  behovior  of  such  o crock  would  be  essentially 
the  same  as  that  of  a fatigue  test  without  ony  intentional  flow'.  In  the  duplication  of  such 
a test,  the  doia  scatter  would  be  very  large.  Conversely,  if  the  lesu  I ting  stress 
intensity  foctor  range  is  much  larger  than  the  data  scatter  in  llie  duplicate 

tests  would  be  smoll.  Tire  omesunt  of  doto  scotter  Increoses  os  AK  decreoses  ond 
approoches  AK^^.  If  the  resultirsg  AK  is  close  to  onticipofe  thot 
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hvo  identical  crackt  under  the  tome  looding  condition  might  thow  o completely  different 
gtowth  behovior,  e.g. , one  crock  might  grow  in  tire  tome  monner  os  a crock  with  a targe 
AK  value  white  the  other  identicol  crock  might  thow  proclicolly  no  (powth. 

Based  upon  the  obove  dtiCuuien,  otte  may  corKlude  that  the  ttrnt  intentity  foctor  rortge 
it  the  prititoty  porortteter  which  coniiolt  the  growth  potternt  of  smell  crocks  (tirroll  crocks 
rtormolly  result  in  smoll  AK  values  unless  the  applied  iood  is  abnormally  high).  This  is 
cleorly  reflected  in  the  data  generated  uttder  the  present  test  progrom.  At  discussed  in 
the  previous  section  some  crocks  grew  much  foster  than  the  others  in  the  multiple-teth* 
hole  tpecimeru.  Ar  - ^ugh  efforts  were  token  to  collect  more  doto  from  these  slower  grow* 
ing  crocks,  only  limited  success  was  ochieved.  Irttteod  of  eliminating  these  very  limited 
growth  doto,  they  ore  used  in  this  section  to  cstoblish  the  minimum  flow  size  such  that, 
uisder  the  some  looding  cortdrtion,  the  crock  will  not  grow.  From  these  doto,  otw  cars 
qualitatively  correlate  the  different  fosterter  hole  combinotiotss  tested  with  the  opproxi* 
mote  stress  intensity  foctor  solutiora. 

The  stress  intensity  factor  for  o given  crocked  geometry  normolly  depends  upon  the  geom* 
etry,  the  size  of  the  crock  ond  the  applied  Iood.  However,  for  cracks  emonoting  from  in* 
elastic  fields  such  oscold-worked  or  inter ference'fit  fottener  holes,  K also  depends  upon 
the  level  of  cold  work  or  interference,  S 6,  the  mater io I yield  strength, 

Young's  modulus,  E,  ortd  Poisson's  ratio,  i . For  a given  crock  geometry , the 
stress  intensity  foctor  con  be  written  in  the  following  general  form: 

K = (I) 

where  is  the  totol  correction  factor  which,  in  general,  is  comprised  of  the  lineor 
product  of  o series  of  correction  foe  tors.  For  a given  Fastener  hole  configurotion,  lire 
Factor  only  varies  with  the  crock  length  o. 

For  o given  fostener  hole  ccnfigurotkin  and  opplied  load,  when  the  crack  extends  o 
smalt  increment  Aa,  its  associated  stress  intensity  factor  con  be  determined  from 
thot  of  the  previous  increment  by  using  Equation  (I  ),  or 

K ^ i-r .K  (2) 

i 0 + Ao  \ o dy(o)  o 


If  an  incremttnt  (‘io  is  small  In  comporison  to  (h*  crack  IvrsgtK  a,  than  on*  moy  auum* 
(hat  the  chong*  of  th*  total  correction  foctor  It  negligible,  and  Equation  (2  ) can  be 
reduced  and  reorranged  os 


(o+Ao) 
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If  th*  crock  lertgth  o is  close  to  the  “threshold  o"  for  o given  constant  amplitude  food 
spectrum,  then  Equation  (2)  con  be  used  to  eslimole  the  “threshold  a"  with  a knowl- 
edge of  K.,  and  the  approximate  K solution  at  crock  lersgth  a from  the  following 
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equation: 


If  the  difference  between  o^  ottd  o is  very  smoil,  then  the  difference  in  the  total 

th  m 

correction  factor,  can  be  neglected  and  Equation  ( 4 ) Is  reduced  to 
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Th*  stress  interuity  factor  may  be  estimated  from  very  slow  crack  growth  test  data 
by  using  the  fatigue<rack-growth  method  of  colibroting  the  measured  crock  growth 
rate,  do-^dN,  and  the  stress  intensity  factor  range,  AK. 

Table  33  shows  the  estimated  thieshold  crack  lengths  using  Equation  (5  ) for  both 

comer  cracks  and  through  crocks  ot  various  types  of  fastener  holes  in  221V-T851  olumlnum 

oiloy  plotes  subjected  to  18  ksi  for-field  looding.  Similar  results  for  6AI-4V  beto 

onneoled  titanium  alloy  plates  subjected  to  40  ksi  for-field  loading  ore  shown  in 

Table  34.  The  threshold  values  of  the  moximum  stress  interaity  factors  used  in  the 

calculations  are  1.7ksl\  in.  for  aluminum,  ond  3.7  icsiv*h.  for  titanium.  The 

computed  stress  intensity  factors  for  o through  crock  from  on  open  hole  usirsg  the  estimoted 

threshold  crock  lengths  ond  Bowie's  hole  correctiorr  factesrs  are  1.85  ksiyin.  for  the 

oluir.inum  specimens  ond  5.31  ksiy^in  for  tire  titonium  specimens.  Tire  computed 

agrees  very  well  with  the  test  doto  for  the  aluminum  material,  lx.it  is  too  high  for  the 

titanium  material.  Tl.is  is  becoi-e  o (0.022")  meojured  in  the  test  tor  the  titonium  mate- 

ni 

rial  is  much  Icrger  than  Oj(^.  if  the  Bowie  foctors,  Bj(ap^)  B|(a||^),  were  used  to  occoont 
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for  the  large  difference  in  the  crock  iengfht,  then  the  new  computed  would  be  0.0027" 
which  results  in  the  stress  intensity  factor  of  3.90  ksi  ^in.  This  value  agrees  very  well  with 
the  data. 

Based  on  the  computed  threshold  crock  lengths  for  the  far-field  stresses  used  in  the  test 
program,  tite  following  conclusiocss  may  be  drown: 

1)  For  the  some  fastener  hole  configuration,  values  of  a^  for  through  crocks  ore 
smaller  than  those  for  port-through  cracks. 

2)  For  the  some  type  of  crack,  values  of  o^  for  fostener  holes  having  residual  strains, 
such  os  interfererKe-fit  or  cold-worked  holes,  ore  larger  than  those  for  reamed 
holes  without  residual  strains.  Values  of  o^^  increase  with  on  increase  in  the 
amount  of  fastener-hole  interference  or  cold  working,  especially  for  aluminum 
specimens. 

3)  For  the  aluminum  specimens,  the  cold-working  operation  retards  the  propagation 
of  small  cracks  more  efficiently  than  Interference-Rt  fastener  holes.  However, 
for  titanium  specimens,  the  interference-fit  fastener  holes  perform  slightly  better 
than  cold-worked  holes  In  retarding  the  growth  of  smoll  cracks. 

It  should  be  noted  that  o^  does  not  depend  upon  the  fostener-hole  configuration  alone, 
but  also  upon  the  level  of  the  applied  lood.  Therefore,  it  may  not  be  too  meaningful  to 
define  a^j^  without  coupling  it  with  the  applied  loading. 

If  o procedure  can  be  developed  to  represent  o spectrum  looding  with  constant  amplitude 

ing  which  produces  an  equivalent  damage  (crack  growth),  then  the  oforementioned 
pprooch  can  be  used  tc  deterndne  the  threshold  crock  length  for  any  fostener  hole  con- 
tiguration  subjected  to  spectrum  loading.  For  ony  flowed  fastener  hole,  if  the  initial 
flaw  size  is  smaller  than  the  threshold  crack  length  for  o given  lood  spectrum,  then  one 
may  anticipate  that  the  flawed  fostener  hole  will  behove  practically  in  the  same  manner 
as  o fasiener  hole  without  an  intentional  flaw  wlien  subjected  to  same  spectrum  fatigue 
loading. 


SECTION  V 

ANALYTICAL  PROGRAM 


This  section  contains  two  steps  for  estimating  an  opening  mode  stress  intensity  foctor 
for  a given  crock  geometry,  hole  condition,  and  lood  combinotion.  The  first  step  de- 
scribes and  illustrates  the  procedures  used  for  obtoining  the  unflawcd  elastic-plastic 
stress  field  for  interference-fit  fasteners  and  cold-svorked  holes  subsequently  subjected 
to  uniform  far-field  stress  with  and  without  fastener  looding.  The  second  step  summarizes 
the  stress  intensity  factor  solutions  for  cracks  emanoting  from  fastener  holes  presented  in 
Figure  1 . Passible  failure  criteria  for  cracked  cold-worked  holes  and  crock  growth  pre- 
dictions are  also  presented. 

i . STRESS  ANALYSIS  FOR  UNFLAWED  FASTENER  HOLES 


Cracks  or  crock  precipitating  flaws  will  be  introduced  in  aircraft  structure  either  during 
manufacturirsg  or  service  which,  later  on,  create  fatigue  problems.  Tire  mojorify  of 
such  structural  problems  can  be  traced  to  fastener  joints  where  Idgit  stress  concentrations 
ore  located.  In  order  to  improve  the  fatigue  (or  crock  initiotion)  life,  fastener  systems 
using  the  concept  of  beneficial  residual  stresses  have  been  used  in  more  sophisticated 
aircraft  design  practices.  The  concept  is  that  sometime  during  the  fastener  installation 
and  hole  preparation  processes,  some  form  of  interference  is  introduced  to  induce  fotigue 
improving  residual  stresses  around  the  fastener  hole.  Such  fotigue  improvement  fastener 
systems  con  generally  be  classified  in  one  of  the  following  ^wo  classes; 

1)  Interference-fit  Fasteners  in  which  the  fastener  shank  is  pressed  into  o hole 
smaller  in  diameter  than  the  shank,  and 

2)  Cold-worked  holes  in  which  an  oversized  mandrel  is  pulled  through  a fastener 
hole,  cold  working  the  hole  in  the  process. 

The  finite  element  displacement  method  was  principally  used  to  obtain  the  unflawed  stress 
listributions  for  the  test  specimens  containing  such  interference-fit  and  cold-worked 
astener  holes  used  in  this  program.  The  computer  program,  INLAP,  a modified  version 
'f  the  one  reported  in  Ref.  4,  analyzes  a structural  model  for  plane  stress  plastic  defomiation 
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occurring  os  o result  of  concentrated  forces  applied  at  the  joints  of  the  finite  element 
model  ond/or  imposed  joint  displacements.  The  nonlinear  (plastic)  behavior  is  approxi- 
mated by  on  incremental  iterative  scheme  described  fully  in  the  referenced  report. 
Briefly,  this  scheme  consists  of  the  following: 

(o)  on  increment  of  load  (and/or  displacement)  is  applied  to  the  model; 

(b)  all  model  joint  displacements  ore  computed  and  element  stresses  found; 

(c)  each  element  is  then  checked  (von  Mises  energy-of-di$tortion)  to  determine 
if  yield  (plastic  deformation)  has  initiated,  or  If  once  initiated  is  continuing; 

(d)  plostic  strains  ore  estimoted  for  those  elements  post  yield  from  either  bi-lineor 
(see  Figure  111),  Romberg-Osgood  or  Goldberg-Richard  uniaxial  stress-strain 
curves  and  the  PrandtI-Reuss  flow  law, 

(e)  with  the  load  increment  held  constant  and  with  the  new  estimated  values  of  the 
plastic  strains,  the  analysis  is  iterated  through  steps  (b),  (c),  and  (d)  until  the 
changes  in  plastic  strains  from  the  previous  iteration  all  are  smoller  than  a 
user-set  convergence  tolerance. 

(0  the  load  increment  is  increased  (decreased  if  unloading  of  applied  loods/dis' 
placements  is  studied)  and  steps  (a)  through  (e)  ore  repeated. 

Step  (f)  is  continued  until  all  loads/displacements  are  applied  (or  removed)  from  the 
finite-element  model. 

For  the  analyses  of  the  specimens  tested  during  the  period  of  this  contract,  the  computer 
program,  INLAP,  was  changed  to  allow  an  analyst  to  apply  a sequence  of  sets  of  loods 
and/or  displacements  to  the  structural  model  of  the  test.  Thus,  analyses  which  closely 
corresponded  to  the  laboratory  sequences  were  performed.  For  instance,  the  single 
program  execution  sequence  used  to  calculate  the  stresses  for  the  cold-worked  hole  tests 
consisted  of  three  distinct  steps.  In  the  first  step,  a radial  expansion,  representing  the 
Insertion  of  the  cold-working  marxirel/sleeve  combination,  was  imposed  onto  the  joints 
defining  the  hole  in  the  finite-element  model  of  the  doubly  symmetric  test  specimen  os 
shown  in  Figure  1 10  which  consisted  of  232  nodes  and  397  constont  strain  triangular 
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elements.  In  the  second  step,  the  equivalent  radial  forces  necessory  to  produce  the 
hole  expansion  (Including  plostic  deformation)  were  computed,  the  hole  displacements 
imposed  in  step  1 were  removed,  and  the  equivalent  forces  (applied  to  the  appropriate 
joints  oround  the  hole)  were  then  relaxed  (unloaded)  to  zero.  Steps  1 and  2 simuloted 
the  expansion-relaxation  sequence  of  o hole  in  a typical  specimen.  In  the  third  and 
last  analysis  step,  with  the  hole  edge  unlooded,  upward-vertical  loads  were  opplied 
and  then  relaxed  along  the  top  edge  of  the  model  of  Figure  \ 10  to  represent  the  applica- 
tion of  uniform  uniaxial  tension  fatigue  cycles  to  the  specimen.  At  convenient  incre- 
ments in  all  three  steps  of  the  analysis  sequence,  model  element  stresses  were  computed 
ond  printed.  The  cyclic  stress-strain  relationship  used  for  the  aluminum  alloy  models 
is  given  by  the  curve  on  Figure  111.  The  octuol  bilineor  representation  used  in  the 
onolyses  is  indicated  by  the  dashed  lines  on  that  figure.  For  the  titanium  models,  a 
similar  curve  was  used  with  an  initial  elastic  modulus  of  21 .08  x 10  psi,  a plastic  mod- 
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ulus  of  8.733  X 10  psi,  and  a yield  stress  of  125,300  psi.  Use  unloading  branch  of  the 
titanium  curve  was  assumed  to  have  the  some  moduli  with  reverse  yielding  occurring  at 
-125,300  psi. 

For  both  the  aluminum  and  titanium  specimens,  the  extent  of  the  residual  compressive 
tangential  stress  zone  existing  around  the  hole  as  o result  of  the  cold-expansion/reloxo- 
tion  sequence  and  the  effect  of  the  applied  unioxial  tension  fatigue  cycles  onto  that  zone 
were  established  for  three  cold  expansion  levels.  These  results  ore  summarized  in  Table  14. 

Two  important  test  modifications  to  the  cold-work  uniaxial  stress  sequence  were  to  insert 
either  an  unloaded  neot-fit  (close  tolerance)  fastener  or  a loaded  (i.e.,  10%  load  transfer 
for  aluminum  specimens,  7%  load  transfer  for  titanium  specimens)  neat-fit  fostener  into 
the  specimen  hole  prior  to  the  application  of  the  axial  load  fatigue  cycles.  To  account 
for  these  inclusions,  bar  (axial)  elements  linking  the  geometric  center  of  the  hole  and  the 
nodes  defining  the  hole  edge  were  added  to  the  finite  element  model.  Also,  to  analyze 
the  load  transfer  coses,  which  are  not  doubly-symmetric,  a new  model,  constructed  by 
odding  a mlrrored-reflection  lower-half  to  the  model  of  Figure  110,  wos  used.  For  both 
looded  and  unloaded  fastener  cases,  trial  analyses  were  mode  to  establish  which  bars  were 
in  compression.  All  those  in  tension  were  removed  from  the  model,  ar>d,  therefore,  only 
fastener  bearing  was  characterized  in  the  stress  distributions.  The  analysis  sequence  used 
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to  stud/  the  neat-fit  fastener  specimens  wos  identical  to  that  used  for  the  open-hole 
specimens,  os  described  above,  except  in  the  following  two  wa/s.  During  the  oppltco- 
tion  of  the  uniaxial  streu,  the  {oinl  at  the  center  of  the  hole,  where  all  the  bars  inter- 
sected, was  (1)  restrained  horizontoil/  (summetric  displacement  condition),  and,  for  the 
load  tronsfer  coses,  was  (2)  loaded  with  a downward  verticol  force  equal  to  half  of  the 
total  load  transferred.  Results  of  these  analyses  are  shown  on  Figures  112  through  124. 

The  lost  sequence  studied  wos  that  in  which  the  lest  specimen  hod  on  interference-fit 
fastener  installed  followed  by  the  opplicotion  of  uniform  axial  stress  fotigue  cycles.  To 
simulate  the  interference-fit  fostener,  and  to  determine  the  resulting  residual  stresses, 
the  model  of  Figure  1 10  was  modified  in  a manner  similar  to  that  reported  in  Ref.  5.  The 
fastener  was  represented  in  the  model  by  a double  ring  of  elastic  triangular  elements 
linirtg  the  inside  of  the  hole.  The  stiffnesses  of  these  elements  were  collectively  chosen 
to  be  equivalent  to  the  stiffness  of  the  solid  fastener.  As  the  first  step  in  the  onoiysis 
sequence,  an  internal  pressure  sufficient  to  expand  the  ring  - if  it  were  externally  un- 
restrained - to  the  original  diameter  of  the  uninstalled  fastener  was  applied  incrementolly 
to  the  inner  edge  of  the  ring.  Holdir^  the  internal  pressure  fixed  at  its  full  volue,  the 
secortd  step  was  then  to  apply  and  relax  a uniform  uniaxial  stress  across  the  model's  top 
edge.  Three  different  levels  of  interference  were  studied  for  each  aluminum  and  titanium 
alloy  in  the  above  manner.  The  results  are  shown  ir*  Figures  125  through  133. 

The  following,  are  comments  concerning  the  significant  trends  and  conclusions  derived 
from  the  results  of  the  unf lowed  stress  analyses. 

Figures  112  to  124  present  the  results  of  the  unflowed  and  flawed  stress  distributions 
computed  using  the  elostic-plostic  finite  element  procedure  described  above  for  various 
types  of  cold-worked  holes.  Similar  unflowed  results  ore  presented  in  Figures  125  to  133 
for  interference-fit  fostener  holes  for  variable  levels  of  interference.  Figure  112  shows 
the  unflowed  stress  distribution  along  the  x-oxis  in  2219-T851  aluminum  plate  caused  by 
2%  cold  working  and  subsequent  1 .8  Ksi  and  18  Ksl  for-field  loodings.  Figures  1 13  and 
114  show  similar  stress  distributions  at  a 2%  cold-worked  hole  with  initial  crock  lengths 
of  0.0125"  and  0.0525",  respectively,  before  cold  working.  These  stress  distributions 
show  almost  no  change  with  the  introduction  of  on  initiol  crock  ( 0.05")  before  cold 
working,  except  in  the  small  region  next  to  the  hole  wall.  The  mognitude  of  the 
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compreuive  residual  hoop  stress  decreoses  slightly  if  o crock  is  introduced  before  the 
cold  working  operation.  Similar  stress  distributions  for  4%  und  5%  cold-worked  open 
holes,  without  an  initial  crack,  are  shown  in  Figures  115  ond  1 16,  respectively.  As 
seen  from  these  figures,  the  extent  of  the  compressive  zone  is  Increased  with  an  increase 
in  the  percentage  of  cold  working.  Figure  117  compores  the  unflowed  stress  distributions 
along  the  x-axis  in  aluminum  plates  coused  by  2%,  4%  and  5%  cold  working  with  the 
subsequent  application  of  18  ksi  far-field  uniaxial  tension  loodirsg.  Figure  118  shows 
the  similar  stress  distributions  at  various  types  of  2%  cold-worked  holes  (i.e.  open,  close 
tolerance  fastener  holes  both  with  and  without  fastener  load  transfer).  Figure  119  shows 
the  effect  of  the  level  of  cold  working  on  the  stress  distributions  of  loaded  cold-worked 
fastener  holes. 

As  seen  from  these  figures,  when  the  amount  of  cold-working  increases,  the  extent  of  the 
compressive  zone  in  the  vicinity  of  the  hole  increoses  and  the  maximum  tensile  stress  is 
located  farther  away  from  the  edge  of  the  hole.  However,  the  mognitude  of  the  maximum 
tensile  stress  does  not  change.  Similar  results  obtained  in  the  titanium  plates  caused  by 
2%,  4%  and  5%  cold  workings  and  subsequent  4 ksi  and  40  ksi  far-field  looding  are  shown 
in  Figures  120  through  122.  Except  for  the  magnitude  of  the  stress,  the  trend  of  these  dis- 
tributions is  very  similar  to  thot  of  the  oluminum  material.  Figure  123  compares  the  un- 
flawed stress  distribution  at  various  types  of  2%  cold-worked  holes  (i.e.  open,  close- 
toieronce  fastener  holes  both  with  ortd  without  fastener  load  transfer)  in  titanium  plotes 
subjected  to  40  ksi  unixial  tension  far-field  loading.  There  is  practically  no  difference 
in  stress  distribution  at  cold-worked  open  and  unlooded  neot-fit  holes.  However,  when 
10%  of  the  far-field  applied  load  is  reacted  through  the  fastener,  the  maximum  end  the 
minimum  stresses  increase  slightly.  Figure  124  shows  the  stress  distribution  along  the  x-oxis 
in  6AI-4V  beta  anneoled  titanium  plates  caused  by  2,  4 and  5 percent  cold  working  with 
subsequently  applied  40  ksi  far-field  tension  and  10%  fastener  lood  tronsfer. 

The  unflawed  stress  distributions  obtained  from  the  elostic-plostic  finite  element  onolyses 
for  the  levels  of  diometrical  interference  used  in  the  test  program  are  presented  in  Figures 
125  through  127  for  the  aluminum  materiol,  ond  128  through  130  for  the  titanium  material. 

The  results  obtoned  for  the  aluminum  material  are  replotted  in  Figures  131  to  133  to  show 
the  effect  of  the  level  of  interference  on  the  stress  distribution. 
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Based  on  the  current  unflawed  stress  analyses,  the  following  3 observations  are  made: 

1)  Due  to  the  installotion  of  an  interference-fit  fostener  alone,  the  tangential 
residual  stress  at  the  edge  of  the  hole  decreases  as  the  level  of  interference 
increoses.  Ihe  peck  tangential  stress  is  the  same  for  each  level  of  interference 
but  is  located  farther  away  from  the  hole  os  the  level  of  interference  increases. 

2)  When  the  far-fleld  load  is  applied  subsequent  to  the  instollation  of  on  inter- 
ference-fit fostener,  the  peak  resultant  tongenttal  stress  is  located  farther  away 
from  the  hole  and  the  peak  remoins  practically  the  some  for  each  level  of 
interference. 

3)  When  the  far-field  loading  is  removed,  the  residual  tangential  stress  ot  the  edge 
of  the  hole  is  nearly  the  some  os  the  one  coused  by  the  interference  alone.  How- 
ever, the  peak  tangent  residuol  stress  decreases  slightly  and  is  locoted  farther 
away  from  the  hole  than  the  one  caused  by  the  interference  only.  This  phenomenon 
is  considerobly  different  from  those  obtained  using  an  elostic-perfectly  plastic 
analysis,  which  predicts  a sizeable  decrease  in  the  residual  tangential  stress  ot 

the  edge  of  the  hole 

2.  APPROXIMATE  STRESS  INTENSITY  FACTOR  SOLUTIONS 
2.1  Introduction 

The  stress  intensity  factor,  which  generally  depends  upon  crack  length,  remote  loading 

and  structural  geometry,  hos  been  employed  to  characterize  the  severity  of  the  crack-tip 

stress  field.  To  date,  there  has  been  much  useful  work  done  on  the  problem  of  deter- 

minirtg  reliable  stress  intensity  factors  for  cracks  emonoting  from  fastener  holes.  Almost 

all  of  these  analytical  determinatioru  are  based  upon  modificotions  of  a solution  obtoined 

by  Bowie^^^  for  cracks  emanating  from  a circular  hole  in  on  infinite  elastic  sheet.  For 

cracks  emanating  from  an  inelastic  field  near  a fostener  hole,  such  as  produced  by  an 

interference-fit  fostener  or  a cold-worked  hole,  the  stress  intensity  foctors  could  be 

estimated  by  using  the  weight  function  approach  os  discussed  by  Bueckner^^  or  the 

reciprocal  theorem  proposed  by  Rice^^*^,  Both  techniques  require  a knowledge  of  the 

(12) 

unflowed  stress  distribution  in  the  region  of  the  hole.  Paris  et  al  hos  combined  these 
techniques  with  the  finite  element  method  to  develop  a weight  function  for  the  single 
edge  cracked  strip. 


43 


Th«  closed  foim  eKpreuions  for  the  weight  function  for  edge  crocks^®''^^,  center  croclts^^^^ 

ond  collineor  eracki^^^^  In  o wide  ponel  ore  ovoiloble.  But,  the  closed  form  weight  function 

for  cracks  emonoting  frorri  o fostener  hole  is  not  available.  Development  of  such  a function 

is  very  difficult,  if  not  impossible.  Therefore,  the  weight  function  for  o straight  crack  has 

sometimes  been  used  to  estimate  the  stress  intensity  factor  for  rodiol  crocks  emonoting  from 
(15-17) 

a circulor  hole,  . For  a lorge  crack,  where  the  influence  of  a fastener  hole  on  the 

stress  Intensity  factor  is  small,  such  an  opptoximotion  gives  good  results.  However,  for  the 
cose  of  a smoll  crack,  say  r^r  ^1.0,  such  on  opproxlmation  could  be  significantly  in  error, 
Grand/^^^  used  the  reciprocal  theorem  due  to  Rice^^^^  to  develop  the  following  equotion 
which  estimates  the  Mode  I stress  intensity  factor,  K|,  for  cracks  emanating  from  ony  type 
of  circular  fastener  hole: 


K,-  ^p.hdr-  /*  p(> 

‘'r  ® 4 


^ I? 


(6) 


where  p is  the  stress  vector  on  the  boundary;  h is  the  weight  function;  1J  Is  the  /-component 

of  the  crack  surface  displacements;  K.  is  the  Bowie  solution  for  the  stress  intensity  foctor; 

® 2 

and  E*  is  an  oppropriate  elastic  modulus:  E*  ^ E/(1  - p ) for  plane  strain  and  E for 
generalized  plane  stress.  Since  the  closed  fonn  expression  for  t7  os  a function  of  the  crack 
length  a is  not  available,  it  was  determined  by  fitting  on  equotion  to  the  discrete  dis- 
placements computed  using  the  finite  element  method  for  a series  of  crock  lengths  ranging 
from  o/r  = 0.4  to  a/r  = 2.8.  The  stresses  and  strains  computed  using  the  conventional 
finite  element  method  may  be  fairly  accurate.  But  the  differentiotion  of  on  opproximote 
expression  obtained  by  curve  fitting  finite  element  results  may  result  in  inoccurocies. 


s 
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Two  high-order  singulority  elements  hove  been  developed  at  Lockheed-Georgio.  One 

takes  only  the  symmetric  terms  in  the  Williams'  series  and,  hence,  is  opplicable  only  to 

symmetric  problems  (Kjj  = 0);  the  other  makes  use  of  both  symmetric  ond  ontisymmetric 

tenns  and  is  applicable  to  unsymmetric  or  mixed  mode  (K,  and  K„)  problems.  The 

(19) 

efficiency  end  accuracy  of  these  elements  has  been  demonstrated  in  reference  ' '.In 
order  to  obtain  more  accurate  solutions  for  crocks  emonoting  from  a hole,  the  high-order 
singularity  element  for  symmetric  problems  was  used  to  compute  the  Mode  I stress- intensity 
foctor  for  a double-rodial  crack  emanating  from  on  open  hole  ond  subjected  to  concentrated 
loads  on  and  perpendiculor  to  the  crack  surface.  The  computed  stress  intensity  factor  was 
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uMd  to  develop  the  Green's  function  (equivalent  to  a nondlmensionol  stress  Intensity 
factor)  for  a double^rodlal  crack  emanating  from  a circular  hole.  Once  the  Green's 
function  Is  ovollable,  the  Mode  I stress  intensity  factos  for  crocks  emanoting  from  any 
type  of  fostener  hole  can  be  calculoted  from  a knowledge  of  the  unflawed  stress  distri*- 
bution  in  the  region  of  the  hole. 


2.2  Thru  Crocks  Emonating  from  Fostener  Holes 

Figure  134  shows  the  scheme  of  the  linear  superposition  method.  The  stress  intensity  factor 
of  problem  o Is  equivalent  to  the  sum  of  those  of  problems  b and  c.  Since  problem  b 
is  crack  free,  the  stress  intensity  factor  of  problem  a is  equivalent  to  that  of  problem  c. 


By  ideolizing  the  looding  in  problem  c os  N discrete  loads.  the  stress 

intensity  factor  for  a given  crack  length  a con  be  computed  from  the  following  equation: 


K (a)  ^ K.  = ^ k.(x.,o)  P|  (x.) 


where  k.(X|.a)  is  the  normalized  stress  intensity  factor  due  to  the  i*^  unit  load  applied 
at  location  x..  For  arbitrary  distributed  stress,  Ct,  Insteod  of  discrete  forces.  F., 
Equation  (7)  becomes 


-a 

K(a)  = / k(x,o)  . o(x)  dx 


By  defining  G - k(a/tj  and  E = x/a  ond  substituting  them  into  Equation  (8),  one 


obtains 


K(a)  = y'lro  J'  a(E)  G(o,  E)  . d C 


where  o is  the  uniform  far-field  stress  ond  <7  —0''o  is  the  normalized  unf  lowed  stress 
o o 

distribution  on  the  prospective  crack  surface. 


For  a straight  crack  subjected  to  two  pairs  of  concentrated  forces  on  the  crack  surface 
os  shown  in  Figure  136.  the  corresponding  Green's  function.  G.  is 
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G(o,|) 


K ,0,' 


t/2  ,1/2 

*<rTx) 


The  Green's  function  G«  for  o double  radial  crock  emonoting  from  o circulor  hole  and 
subjected  to  two  poirs  of  concentrated  forces  on  the  frocture  surfaces^  os  shown  in 
Figure  136,  con  be  obtained  from  the  computed  stress  intensity  factor  using  finite-element 
analysis  with  inclusion  of  the  singularity  element  for  various  crock  lengths  a/r  and  b a 


ratios  os  follows: 


^ #0  b « K 

' a^  ^ pja 


Due  to  the  limitation  of  finite  element  methodology,  when  the  concentrated  forces 
were  opplied  close  to  the  crack  tip,  say  b/o  > 0.9,  the  corresponding  Green's  function 
wos  obtained  usir^  the  central  crack  solution  in  Figure  137.  The  Green's  function 
corresponding  to  this  case  is 


G(?  . t) 


The  computed  Green's  function  were  then  tobuioted  os  o function  of  o/r  and  b/o  in 
Table  35.  For  ony  a'^r  rotio  different  from  those  tabulated  values,  on  interpolation 
or  extrapolation  technique  was  used  to  obtain  the  corresponding  Green's  functions. 

With  o knowledge  of  the  Green's  functions,  G,  and  the  stress,  a,  on  the  prospective 
crack  surface  with  the  crack  absent,  one  can  compute  from  Equation  (9)  the  corres- 
ponding stress  intensity  factor  for  any  radio!  crack  from  a hole. 

When  crack  face  overlopping  occurs  or  the  applied  force  P.. is  in  compression,  the 
computed  K.  in  Equation  (7)  will  become  negative.  Physically,  it  means  the  crack 
surfaces  are  closed  and  react  ogainst  each  other. 
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For  a co»a  wh*r«  lhara  U or»ly  ona  crock  amonating  from  o hota,  intteod  of  radevalop- 
ing  <ha  osiocialad  GreanS  function,  U wot  found  thot  lha  following  aquation  will  give 
o good  attimnte  of  the  ttreu  intentlty  foctor: 


lone  crock 


two  crocks  , 


where  ond  B2  ore  Bowia't  factors  for  tirtgia  and  double  cracks,  respectively, 


To  check  the  validity  oisd  accuracy  of  the  present  solution,  Bowie's  closed-form  solution' 
for  a double  rodiol  crack  emortoting  from  on  open  hole  in  an  infinite  plate  was  employed. 
By  opproximatirtg  the  unflowad  ttrau  distribution  os 


*5(?T7)  3 


the  computed  nondimensionol  stress  intensity  factors  using  Equation  (9)  for  o double 
crack  emanating  from  on  open  hole  subjected  to  unioxiol  and  bloxiol  uniform  far-field 
looding  ore  presented  in  Figure  138.  The  correspoisding  Bowie's  solutions  ore  also  in- 
cluded In  the  figure,  As  con  be  seen,  the  current  results  ore  within  2 percent  of  Bowie. 
Similar  results  computed  using  Equations  (9)  and  (12)  for  o single  crock  emanating  from 
on  open  hole  subjected  to  uniaxial  and  bloxiol  uniform  for-field  looding  ore  presented 
in  Figure  139.  As  seen  from  this  figure,  estimation  of  the  stress  intensity  factor  for  o 
single  crock  from  that  of  a double  crock  and  Equation  (12)  ogrees  excellently  with  thot 
of  Bowie, 

For  the  case  when  the  opplied  for-field  stress  exceeds  about  one  third  of  the  moterlol 
yield  strersgth,  plostic  deformation  will  begin  at  the  edge  of  an  open  hole.  The 
extent  of  local  yielding  depends  upon  the  opplied  stress.  The  stress  intensity  factor 
computed,  using  Bowie's  solution  based  on  the  purely  elastic  analysis,  will  be  too 
high.  In  such  o cuse,  the  stress  intensity  foctor  con  be  estimoted  from  the  unf lowed 
stresses  obtoined  from  an  elastic-plastic  onolysis  ond  Equation  (9). 


l«t  f b«  th«  noftnalixftd  (.tnflowcd  tlr*u  dUtribuHon  oh  lb«  pfO«p*etivt  crock  turfoc* 
obroSnod  from  on  olostic-plottic  onotytt*.  Than  tha  ttrau  intanthy  factor  of  o through 
crock  con  ba  wr!  .tan  a« 


K “ C^s/Wo  H (t4) 

where 

B. 

H a 

The  factor  H«  equivalent  to  tha  Bowie  foctor  in  tha  purely  alo»tic  cote,  occounts  for 
the  hole  effect  when  the  locol  yielding  occurs.  Unlike  Bowie's  factor  B,  this  factor 
depends  upon  the  for-field  stress.  Figure  140  shows  the  rK>n-dimensional  factor  H for 
three  different  levels  of  opplied  far*field  stresses.  As  seen  from  the  figure,  when  the 
foT'field  stress  increoses.  the  corresporsding  nondimensionol  stress  intensity  factor  H 
decreases,  especially  for  a very  short  crack. 

Close  Toleronce  Fostener  Holes  with  ond  without  Fosterter  lood  Tronsfer  - 

The  stress  distribution  of  on  unloaded  close  toleronce  fastener  hole  in  o plate  subjected 
to  uniform  for-field  looding  hos  been  studied  by  many  investigotors.  So  hos  the  problem 
of  a close  tolerance  fostener  hole  hoving  100%  fostener  lood  tronsfer.  For  a cose  where 
the  close  tolerance  fostener  only  transfers  o fraction  of  the  remote  loading,  the  corres*' 
ponding  stress  distribution  hos  been  calculated  from  those  of  the  oforementioned  two 
cases  vio  the  superposition  method  illustrated  in  Figure  141 . 

The  idealized  problem  of  a remotely  looded  strip  with  a neot-fit  rigid  insert  (fastener) 
is  on  inherently  nonlinear  problem.  This  is  most  easily  demonstrated  through  the 
observation  that  the  contact  surface  cannot  be  prescribed  in  odvonced  but  depends  rather 
on  the  solution  ond  is  usually  determined  by  trial.  The  same  nonlineor  chorocteristics 
opply  when  the  strip  is  loaded  at  only  one  end  and  the  lood  is  reacted  at  the  rigid  insert 
(100%  lood  tronsfer).  The  contact  surface  is  more  extensive  in  the  letter  cose  ond 
occupies  o different  portion  of  the  hole  boundory.  In  view  of  these  observations,  any 
solution  for  froctional  lood  tronsfer  obtained  vio  the  superposition  of  these  two  coses  must 
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b«  r«9ord»d  at  opprox'unot*  at  b«tt.  When  th*  fottwior  it  daformablc,  th«  volldity  of 
tuparpotlilon  it  all  Hit  ntort  tutptet  ond  moftovtr  ony  tueh  opproKimottoa  It  liktiy  to 
give  poortti  rttuitt  ort  or  ntar  Hit  bolt  boundory. 

A dttolltd  finltt  tltmtiil  modtl  wot  utod  to  eomputt  tht  unflowtd  circumftrtntlal  ttrtts 
dlttrlbutioiu  along  tht  plont  ptrptndiculor  to  tht  load  In  o holt  of  o 7075- T6  alumloum 
platt  fitltd  with  o 6AI-'4V  tlionium  fatttntr  for  voriout  ptrctntogtt  of  fotttntr  load 
trontftr  ot  Lockhttd-Gaorgla.  Tht  width  of  the  platt  wot  1.15  inchtt  ond  tht  holt 
diatntter  wot  0.1875  Inchtt  (or  a hole  diamtttr  to  width  ratio  of  0.16).  Tht  computed 
dimtntionittt  ttrttt  dittrftiutlon  it  thown  in  Figurt  142.  Tht  tttimottd  unflawtd  ttrttt 
at  tht  tdgt  of  tht  holt  i«lng  tht  tuptrpoiition  mothod  it  higher  thon  Hit  ttrttt  uting 
tht  finltt  titffltnt  method  by  about  2%  for  o 30%  lood  trontftr  cote  ond  13%  for  o 75% 
iood  trontftr  cote. 

Let  ^CT  bt  tht  normoUztd  unflowtd  itrttitt  on  the  prospective  crock  turfoct.  Then  tht 
ttrttt  intensity  factor  for  a through  crack  tmonoting  from  o dote  toltronce  fastener  hole 
con  bt  written  at 

K = . 0^^  (16) 

where  ^ J 

^CT^r  / 2 

^ i (IT) 

Tht  nondimtntkmol  factor  it  a function  of  crack  length  and  tht  percentage  of 
fastener  load  tronster. 

The  computer  /9^y  uting  the  unflawtd  ttresses  thown  in  Figure  142  for  a double  crock 
emanating  from  close  tolerance  fastener  hole*  hoving  voriout  percentages  of  fastener 
load  transfer  ore  shown  in  Figure  143.  Bowie's  solution  for  on  open  hole  is  also  shown 
in  the  figure  os  a dotted  line.  From  this  figure,  one  con  see  thot  the  stress  intensity 
factor  for  a close  tolerance  fostener  hole  wiiliout  load  transfer  is  lower  thon  that  of  on 
open  hole.  However,  when  the  amount  of  lood  trontfer  increoses,  the  stress  intent!  ty 
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foctor  incr«r4«t  rapidly,  •tpti.ially  for  short  crock  longtht.  Th«  compvitod  oondimonsloisol 
itrMS  Inttniity  foctor  at  tho  odge  of  tho  hole  is  opproxlfflotely  1,12  times  the  normoUzed 
tmfiowed  stress  at  thot  locotlon.  This  ogrees  very  well  with  the  edge-crock  solution. 

The  computed  nondtmensionol  stress  intensity  factors  for  o double  through  crock  emonoling 
from  on  open  and  close  tolerance  fastener  hole  with  and  without  10%  fastener  lood  trans- 
fer ore  shown  in  Figure  144  for  a 4-inch  wide  aluminum  specimen  and  in  Figure  145  for  a 
4-inch  wide  titanium  specimen.  The  computed  stress  Intensity  focton  for  a single  through 
crock  emanating  from  o close  toleronce  fastener  hole  with  and  without  fastener  lood  trans- 
fer are  shown  in  Figures  146  and  147,  respectively  for  titanium  specimens.  Test  data  re- 
duced using  the  fatigue  crack  growth  method  of  calibrating  K are  also  shown  in  the  figures 
os  symbols  for  comparison. 

For  the  cose  In  which  the  local  yielding  occurs  ot  the  edge  of  the  fastener  hole  due  to 
high  for-field  opplied  loading,  the  corresponding  stress  intensity  factors  con  be  obtained 
by  using  the  previously  described  approach  and  the  unflawed  stresses  detemsined  from  on 
elostic-plostic  onolysis. 

Interference-Fit  Fostener  Hole  - Slightly  oversized  fosteners  ore  commonly  employed  in 
in  structural  applications  to  improve  /otigue  life.  When  a hole  is  filled  with  on  inter- 
ference-fit Fostener,  substantial  plostic  yielding  will  occur  around  the  hole.  The  extent 
of  plastic  yieWtng  depends  upon  the  level  of  interference  and  the  magnitude  of  the  re- 
motely applied  loading.  Bosed  on  the  elastic-plastic  finite  element  onolysis,  one  finds 
that  the  unflawed  stress  distribution  along  the  x-oxis  near  the  fastener  for  a plote-fostener 
material  combination  is  depertdent  upon  the  material  yield  stress  0^,  Young's  modulus  E, 
Poisson's  ratio  (/,  interference  level  (6/d)  and  the  remote  load  a.  For  the  cose  of  a 
crack  emanating  from  on  interference-fit  fostwser  hole,  a sizeable  residual  stress  intensity 
factor  may  exist  even  in  the  absence  of  the  remote  lood.  Therefore,  insteod  of  the  remote 
loading  cr^,  the  yield  strength  of  the  plate  moteriol,  should  be  used  in  the  stress 
intensity  factor  expression  which  may  be  written  os 


K = a 


where 
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Tlio  f|p  focior  io  Equolion  (19)  represents  the  unflowed  stresses  on  the  prospective 
crack  surface  norntalizod  by  the  plate  material  yield  strength.  For  a given  material, 
the  nondimonsionni  focior  /fjp  Is  a function  of  the  crock  length,  for-field  lood,  and 
the  amount  of  fostonor-hole  interference. 


Figure  148  shows  the  unflawed  stress  distributions  for  a 7075-T6  oluminum  plate  with 
a steel  interference-fit  fastener  caused  by  0.004"  interference  and  subsequent  edge 
loading  and  unlooding^^^^.  The  computed  stress  intensity  factors  using  these  unflawcd 
stresses  and  Equations  (18)  and  (19)  are  shown  in  Figure  149.  From  this  figure,  one 
secs  that  for  a.  r < 0.5,  when  the  for-field  loading  (25  ksi)  is  removed,  the  computed  K 
is  less  than  zero.  Physically,  it  means  that  the  frocture  surfaces  are  completely  closed 
and  compress  each  other.  The  effective  stress  intensity  foctor  range  equals  the  differ- 
ence between  curves  2 and  3.  For  a similar  plote  with  on  open  hole  subjected  to  25 
ksi  tar-field  loading,  the  corresponding  K (also  AK)  is  plotted  ’n  the  same  figure  os 
dotted  linos  for  comparison  purposes.  For  small  cra< ' lengths,  the  computed  AK  is 
much  smaller  for  an  inte  forence-fit  fastener  holt,-  fi  m on  open  hole.  This  explains  why 
the  crack  emanating  from  on  interference-fit  fostei  hole  grows  much  slower  than  a 
corresponding  crock  in  an  open  hole  when  the  crack  length  is  small.  When  the  crack 
length  is  longer  than  one  half  of  the  radius  of  the  fastener  liolc,  the  computed  stress 
intensity  foctor  becomes  positive  ofter  the  for-fiold  applied  load  is  removed.  The  ef- 
fective cyclic-load  ratio  experienced  by  the  crack  tip  is  no  longer  the  some  as  the  far- 
fiold  applied  load  ratio  (which  is  zero  in  this  cose).  Wlien  the  crock  length  is  longer 
than  3 times  the  rodius  of  fostenor  hole,  the  effective  stress  Intensity  factor  ranges  ore 
about  the  some  os  those  for  on  open  hole.  Based  upon  these  computed  stress  intensity 
factors.  One  moy  conclude  that  the  beneficiol  effect  of  an  interference-fit  fastener  on 
retarding  fatigue  crock  growth  is  the  most  significant  when  the  crack  length  is  small. 

This  beneficial  effect  decays  as  the  crack  length  increases  until  the  ir.terfer -nee  fit 
fosten^'r  hole  no  longer  retards  the  fatigue  crock  g'owth.  Such  a limit  dt'i  If  upon  the 
amount  of  interference  and  the  mognitude  of  the  I -field  applied  locKf.  i or  the  particulor 
example  shown  here,  this  limit  crock  length  is  obout  3 times  the  hole  radius. 
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The  unflawed  stress  distributions  for  interference-fit  fastener  holes  for  three  levels  of 
interference  in  both  aluminum  and  titanium  plotes  caused  by  uniform  far-field  loading 
hove  been  presented  ond  discussed  in  Section  V/  parogroph  I . The  normalized  stress 
intensity  factors,  computed  using  these  unflowed  stresses  and  Equation  (19)  are  pre- 
sented as  a function  of  crack  length  in  Figure  150  for  double  through  cracks  emanating 
from  0.0024",  0.0038"  and  0.0060“  interference-fit  fastener  holes  in  aluminum  plates 
subjected  to  18  ksi  for-field  uniform  looding.  The  corresponding  stress  intensity  foctors 
computed  using  Equation  (18)  are  shown  in  Figure  151 , Three  curves,  *^min 

^max  ”*^min'  shown  in  each  figure.  They  ore  the  computed  stress  intensity  factors 
corresponding  to  an  18  ksi  far-field  applied  load,  the  removal  of  such  load  and  the 
difference  between  these  load  cases,  respectively.  As  seen  from  the  figures,  there  ore 
sizeable  residuol  stress  intensity  factors  remaining  upon  the  removal  of  the  for-field 
applied  load.  Although  the  far-field  applied  lood  is  constant  in  amplitude,  the  effective 
stress  intensity  factor  rotio,  R « “ 1^  . /K  , at  the  crack  tip  is  not  constant.  This 
ratio  varies  with  the  crack  length.  The  computed  fljp  ond  stress  intensity  factors  cor- 
responding to  the  opplication  and  removal  of  the  40  ksi  for-field  loading  for  double  thru 
cracks  emonating  from  interference-fit  fastener  holes  having  0.0034",  0,0042"  and  0.0050" 
interferences  in  titanium  plates  are  shown  together  in  Figures  152  and  153,  respectively. 
These  results  are  similar  to  those  for  the  aluminum  material.  One  important  feature 
observed  here  is  that,  for  the  for-field  lood  applied  in  the  tested  specimens,  the  effective 

stress  intensity  factor  ranges,  K -K  , , ore  essentially  the  seme  for  each  level  of 

mox  min 

interference.  However,  the  effective  stress  Intensity  foctor  rotio,  Rgj|-»  does  depend 
upon  the  level  of  interference,  as  shown  in  Figures  154  and  155,  which  present  the  ef- 
fective stress  intensity  factor  ratio  os  a function  of  the  nondimensionol  crack  length,  a/r, 
for  three  levels  of  interference.  From  these  figures,  one  con  easily  see  that  for  a crack 
whose  length  is  less  than  about  one  radius  of  the  fastener  hole,  decreases  rapidly  as 
the  amount  of  interference  increases.  When  the  crack  length  is  greater  than  one  rodius 

of  the  fastener  hole,  R „ increoses  os  the  amount  of  interference  increases.  However, 
ett 

such  an  increose  is  very  small.  For  a given  far-field  loading,  the  implication  is  that  when 
<xlx  < 1.  un  increose  in  the  omount  of  fastener  hole  interference  will  result  in  a slower 
fatigue  crack  growth  rate,  especially  for  a very  short  crock.  When  a^'^r  > 1,  the  fatigue 
crack  growth  rate  will  be  procticolly  the  some  within  the  levels  of  interference  studied 


For  the  purpose  of  validating  the  analytical  solution,  o crock  emonoting  from  on  inter- 
ference-fit fastener  hole  in  a plate  subjected  to  constant  amplitude  far-field  looding  was 
treated  os  a crack  emanating  from  o fastener  hole  hoving  no  residual  stress  and  subjected 
to  varying  omplitude  loads  which  produce  the  some  ^eff*  predicted  crock 

growth  histories,  using  the  computed  and  ore  compored  with  test  data  in 

Figures  156  to  158  for  s!ngle  through-the-thickness  cracks  emanating  from  0.0024,0.0038, 
and  0.0060  inch  diametral  interference-fit  fastener  holes,  respecHvely,  in  2219-T85I 

aluminum  alloy  plates  subjected  to  constant  amplitude  18  ksi  and  R = 0.1  for-field  loading. 

(2) 

The  following  crack  growth  equation  wos  used  in  the  predictions: 

.g 

where  c = 0.34  x 10  , m =*  0.84,  n - 2.40,  and  Kth=1.5.  The  units  of  the  crack 

growth  rate  and  the  stress  intensity  factors  are  inch/cycle  and  ksi^^n,  respectively.  As 
seen  frorr.  these  figures,  data  scatter  is  fairly  large  in  the  tests  of  cracks  emanating  from 
interference-fit  fastener  holes  and  the  predictions  ore  well  within  the  scatter  of  the  test 
data. 

Cold-Worked  Holes  - Procedures  used  in  obtaining  the  unflawed  stress  distribution 
produced  by  the  two  steps  of  mandrel  hole  enlargement  were  presented  in  Section  V, 
paragraph  1 . The  analysis  shows  that  the  cold-working  operation  causes  hoop  compression 
adjacent  to  the  edge  of  the  fastener  hole  and  residual  tension  in  the  outer  field.  Due  to 
the  high  residual  compressive  hoop  stresses  around  the  hole,  to  ensure  that  the  resultant 
stresses  remoin  tensile  over  the  crack  length,  the  remote  applied  stress  must  be  high. 
Otherwise,  the  crack  surface  may  not  completely  open  and  no  crack  growth  results. 


Let  be  the  unflawed  stresses  on  the  prospective  crock  surfoce  normalized  by  the 
plote  material  yield  strength.  The  stress  intensity  factor  for  a through  crack  emanating 
from  0 cold-worked  fastener  hole  can  be  written  as 


K = o yW Q 
ys''  C 


where 


i 

f 

M 

i 
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(22) 


For  3 given  material,  the  r>ondimensional  factor  I*  <■  function  of  crock  length, 

for-field  applied  load,  and  level  of  cold  working. 


As  discussed  earlier,  the  hoop  stress  in  the  vicinity  of  o cold-worked  hole  would  bo  in 
compression  if  the  for-field  opplied  lood  is  not  high  enough.  In  such  a case,  the  computed 
stress  intensity  factor  using  the  Green's  function  opprooch  could  become  negative,  especially 
for  o small  crock  length.  Physically,  it  means  that  the  crack  surfaces  are  closed  and  react 
against  each  other.  Therefore,  the  computed  negative  K should  be  set  equal  to  zero. 

Figure  159  shows  the  unflawed  stress  distributions  in  the  region  of  o 4.4%  cold-worked 

(21) 

hole  in  a 7075-T6  plate  caused  by  16  ksi  edge  loading  ond  subsequent  untooding' 

After  the  edge  loading  is  removed,  o residuol  compressive  longentiol  stress  remains  ot  the 

edge  of  the  hole  (o/r  < 1),  The  computed  stress-intensity  factor  ranges,  usiog 

Equations  (21)  and  (22)  ore  presented  in  Figure  160  as  dashed  line.  was  computed 

using  the  unflawed  stress  corresponding  to  0.8  ksi  edge  loodiisg.  For  the  some  level  of 

cold-working  (4.4%)  ond  edge  loadings  (o  = 16  ksi,  o , = 0.8  ksi),  the  stress  intensity 
” “ ^ mox  min 

factor  ranges  obtained  from  the  crock  growth  tests  reported  in  References  22  and  23  and  the 

(18) 

maximum  stress  intensity  foctor  predicted  using  the  linear  superposition  method'  . 

ore  also  included  in  the  figure.  As  con  he  seen,  the  current  analysis  gives  an  excellent 
correlation  with  the  experimental  data. 

The  unflawed  stress  distributions  of  cold-worked  holes  for  three  levels  of  cold  working  in 
both  22I9-T851  aluminum  plote  and  6AI-4V  beta  annealed  titanium  plate  subjected  to  by 
constant  amplitude  for-field  looding  hove  been  presented  ond  discussed  in  Section  V, 
paragraph  1.  The  normalized  stress  Intensity  factors,  computed  using  these  unfiawed 

stresses  ond  Equation  (22)  ore  presented  as  a function  of  crack  length  in  Figure  161  for 
double  thru  crocks  emanating  from  2%,  4%  and  5%  cold-worked  open  holes  in  aluminum 
plates  subjected  to  18  ksi  for-field  uniform  looding.  The  corresponding  stress  intensity 
factors  computed  usiisg  Equations  (21)  and  (12)  for  single  thru  crocks  emanating  from 
cold-worked  cpen  holes  ore  presented  in  Figures  162  and  164.  Figure  165  shows 
the  computed  stress  intensity  factors  for  o single  thru  crack  emonating  from  o 2%  cold- 
worked  hole  hoving  10%  fastener  load  transfer.  The  stress  intensity  factors  reduced  from 
test  data  for  large  crocks  usitsg  the  fatigue  crock  growth  method  of  calibrating  the  crock 


54 


growth  rat«,  dcv^dN,  and  iha  tlrou  int«n»ity  factor  rang«,  .SK,  ore  alto  included  in  the 
figuret.  A$  can  be  seen  from  these  figures,  the  computed  stress  intensity  factors  are  in 
good  agreement  with  that  reduced  from  test  data.  Similar  results  for  titanium  plates  con- 
toining  2%,  and  5%  cold-worked  open  holes  are  f>resented  in  Figures  166  to  169.  Figure 
170  shows  similar  results  for  a 2%  cold-worked  l»ole  having  10%  fastener  load  transfer. 

The  actual  amount  of  fastener  load  tronsfer  in  the  tested  specimen  was  obout  6 percent 
of  the  total  far-field  applied  load.  The  stress  intensity  factors  shown  in  Figure  170  were 
computed  using  the  unflawed  stress  distribution  obtained  for  a fastener  having  10%  load 
transfer.  Hod  correct  amount  of  fastener  load  troissfer  been  occounted  For,  the  computed 
stress-intensity  factors  would  decrease  slightly  and  correlate  even  better  with  the  test  data. 

Figure  171  compares  the  computed  stress  intensity  fo^ii-'rs  for  single  through  cracks  emanat- 
ing from  a 2%  cold-worked  open  hole  and  close  tolerance  fastener  holes  with  ond  without 
fastener  load  transfer  in  2219-T85I  aluminum  plates  subjected  to  18ksl  for-field  loading. 

The  stress  iittensity  factors  at  cracked  cold-worked  open  and  close  toleronce  fastener  Isoles 
show  practically  no  difference.  However,  with  a small  amount  of  fostener  load  tronsfer, 
the  correspond irsg  stress  intensity  factors  increose  significontly . 

Figure  172  shows  the  stress  itUensily  factors  for  single  fhroogli  crocks  emorioting  from  2% 
cold-worked  open  holes  in  aluminum  plate  subjected  to  various  levels  of  for-field  loodit^. 
Since  the  stress  intensif)  factor  at  o cracked  cold-svorked  bole  does  not  depend  linearly 
on  il  • far-field  opplied  load,  the  computed  K values  are  presented  os  o function  of  a, 
where  a is  measured  from  the  edge  of  ll»e  hole.  From  this  figure,  one  sees  that  when  the 
far-field  loading  increoses,  tlie  corresponding  stress  intensity  factor  increases,  ond  the 
region  of  negative  K (which  has  been  vet  equal  to  zero  in  the  plots)  decreoses. 

It  should  bo  noted  thot  the  unflawed  stress  distributions  computed  here  are  based  on  a 
static  analysis  (or  first  few  cycles  under  repeated  loading).  Theoreticolly  speaking,  if 
the  crack  length  is  smaller  than  the  compressive  zone,  resultirsg  from  the  cold  working 
operation  aisd  the  application  of  the  maximum  cyclic  lood,  the  crack  will  not  propwgote 
under  cyclic  loods.  However,  during  the  course  of  the  experimental  program,  it  was  found 
that  on  intentional  fatigue  crack,  which  is  much  smoller  than  the  computed  negative  K 
region,  does  propagate  after  the  application  of  a large  nuntber  of  repeated  lood  cycles. 
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It  Is  suspected  that  the  relaxation  of  beneficial  residual  strains  due  to  cold  working  occurs, 
and  after  a certain  period  of  fotigue  cycling,  the  net  hoop  stress  results  in  tension  upon 
reopplication  of  the  maximum  cyclic  load.  The  current  onolysis  ts  not  capable  of  occount- 
ing  for  such  relaxation. 

Table  36  summarizes  all  available  stress  intensity  factor  solutions  for  through  cracks 
emanating  from  the  types  of  fastener  holes  studied  under  this  program. 

2.3  Corner  Crocks  Emanating  From  Fastener  Holes 


One  of  the  most  common  types  of  flows  for  which  there  exists  no  closed  form  onolyticol 

solution  is  the  corner  crack  ot  a circular  fastener  hole.  To  date,  several  approximate 

methods  have  been  proposed  for  computing  the  stress  inteiuity  factors  along  the  periphery 

of  a quarrer-eiliptical  crock  emanating  from  the  corner  of  an  open  hole.  Based  on 

values  obtained  from  standard  specimens  ond  failure  stresses  of  specimens  with  corner  crocks, 
(24) 

Hall  and  Finger  derived  an  empirical  equation  for  computing  such  stress  intensity  factors. 
(25) 

Gran  et,  ot.  modified  the  solution  for  on  embedded  elliptical  flow  to  account  for  hole 
ai>d  free  surface  effects.  Hsu  atsd  Liu^  , used  o similor  approach  to  modify  the  haif- 

(27) 

elliptical  surface  flaw  solution  to  occount  for  the  hole  effect,  Kobayashi  and  Eneionya'  ' 

extended  an  alternating  method  by  using  appropriate  fictitious  pressure  on  the  fictitious 

three-quorter  part  of  the  elliptical  crack  which  protrudes  into  three-quarter  spoce  to  solve 

(28) 

the  comer  flow  problem  in  a quorter-infinite  solid.  Koboyoshi  et.  ol.'  ' used  the  some 
three-dimensional  alternating  technique  to  estimate  the  stress  intensity  factor  of  a corner 
crack  at  a hole  in  a rotating  disk.  Shah^^^  used  similor  procedures  of  prescribing  a 
fictitious  pressure  on  the  crack  surface  to  simulote  the  cylindricol  front  surface  intersecting 
a double  embedded  semicircular  crack  at  a fastener  hole  to  compute  the  nondimensionalized 
factor  F^  for  a/c  ratios  ranging  from  0,1  to  1,0  and  c/r  volues  ranging  from  0.1  to  10.0 
from  which  he  concluded  that  F^  could  be  assumed  to  be  independent  of  o^'^c  ratio.  However, 

the  final  norsdimensionolized  factors  Fe  used  in  his  analysis  are  the  ones  obtained  from  the 

^ (29) 

integration  of  unflawed  stresses  and  the  Green's  functions  derived  by  Smith  et.  al.  for 

a circular  crack  embedded  in  an  infinite  solid  without  a hole.  A constant  front  surface 

correction,  independent  of  the  location  on  the  crack  border,  was  assumed.  Smith  and 
(30) 

Kullgren'  performed  a sequence  of  iterations  between  on  analytical  solution  for  an 
elliptical  crack  embedded  in  on  infinite  solid  and  a finite  element  alternating  solution  for 
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a finite  thickness  uncracked  plote  with  a fastener  hole  to  obtain  the  stress  intensity  facton 

along  the  periphery  of  a port-elliptical  crock  emonoting  from  a fostener  hole  in  a finite 

(31) 

thickness  plate.  McGowan  and  Smith'  ^ used  a combinotion  of  stress-freezing  photo- 

elasticity  and  a numerical  method  to  obtain  the  streu  intensity  foctors  ot  the  intersection 

of  0 comer  crock,  hole  ond  plate  surfaces.  Snow'  ' used  the  fatigue  crack  growth  method 

of  calibrating  the  meosured  crack  growth  rate,  da/dN,  and  the  stress  intensity  factor  range, 

liK,  to  determine  the  stress  intensity  foctors  of  comer  cracks  from  which  on  empirical 

equation  wos  developed.  Pujimoto'  ' used  the  slicing  technique  to  idealize  the  port- 

through  crack  os  o series  of  through- the- thickness  radiol  cracked  slices  with  springs 

attached  to  the  crack  faces  to  represent  the  sheor  coupling  between  the  slices.  Similor 

to  Shah's  analysis,  the  Green's  functions  for  a circular  crack  embedded  in  on  infinite  solid 

without  a hole  were  used  in  the  determination  of  o series  of  spring  forces  transmitted  across 

(34) 

the  crack  faces.  Other  numerical  methods,  such  os  finite-element'  ^ ond  boundory- 

(35) 

integral-equation  approaches,'  ' hove  also  been  used  to  solve  the  problem  of  o quorter- 
elliptical  crack  in  a quarter-infinite  solid. 


All  aforementioned  solutioru  are  approximate.  There  is  no  exact  solution  ovailoble  which 
could  be  used  to  assess  the  accuracy  of  ony  Individual  solution. 

Experimentally,  the  fatigue  crack  growth  method  of  calibrating  do/dN  and  &K  (which, 
in  general,  is  derived  from  the  testing  of  through  cracked  specimens  having  known  K 
solutions)  can  be  used  to  estimate  the  stress  intensity  factor  of  the  tested  crock  geometry. 
Considering  the  data  scatter  from  which  the  da/dN  vs.  &K  relationship  is  established,  it 
is  very  difficult  to  assess  the  accuracy  of  K values  obtained  based  on  the  measured 
growth  rate  of  certain  increments.  To  date,  the  three-dimensional  oitemoting  technique 
has  been  used  most  often  to  estimate  the  stress  intensity  foctor  for  a quorter-ellipticol 
comer  crack  t.-<"n  a hole.  However,  there  ore  several  sources  of  numerical  errors  that 
might  be  introduced  in  the  analysis  using  the  alternating  technique,  especially  during  tho 
process  of  zeroing  out  the  fictitious  residual  tractions  acting  on  the  free  surfaces  (including 
the  crack  face).  The  other  error  is  in  the  least  squares  fitting  of  the  crack  pressure  distri- 
bution with  a polynomial.  In  addition,  the  computer  time  required  to  execute  one  such 
problem  is  significantly  large. 
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In  this  section,  the  approximate  stress  intensity  factor  solutions  derived  fron>  the  modification 
(26) 

of  the  Hsu  ond  Liu^  ’ solution  for  o quorter^llipticol  crock  emonoting  from  the  comer  of  on 
open  hole  is  presented.  Wherever  pouible,  the  solutions  ore  compored  with  other  opproxi- 
mate  solutions.  The  stress  intensity  factor  solutions  for  a quorter-ellipticol  crock  emanat- 
ing from  the  corner  of  close  tolerance,  cold-woHcad,  ond  interference-fit  fostener  holes 
ore  also  presented. 


Open  Hole 

The  shope  of  o comer  crock  ot  o fastener  hole  is  ganerolty  ouumed  to  be  quorter-ellipticol 
with  the  semi-moior  ortd  seml-mtnor  oxes  coinciding  with  the  hole  wall  and  the  plote  sur- 
face. Let  o ond  c represent  the  crack  lengths  measured  along  the  hole  wall  and  the  plate 

surfoce,  respectively.  The  opproximote  stress  intensity  foctor  solution  for  o quarter- 

(26) 

elliptical  crack  emortotlng  from  the  comer  of  on  open  hole  proposed  by  Hsu  and  Liu^  ' 
may  be  written  os 

K(?  ,^)  =or . 6 & . — for  o^c  « 1 

c ov  op  r ^^Oj 


C X /c~  ^^O  ' ® • ^1  t ' ^ 

K(-  , « = o P (-)  A/-  . — — 

'o  o'^  op  r Vo  ^,c. 


for  o/c  >1 


where  (-)  is  the  Bowie  hole  correction  factor  evaluated  at  the  normalized  distonce 
op  r 

from  the  edge  of  the  holeyx/r;q>  is  the  complete  ellipticol  integral  of  the  second  kirKi 
presented  in  Figure  173  os  o function  of  the  ratio  of  the  minor  and  mojor  axes  of  the 
ellipse;  j9  is  an  elliptical  angle  measured  from  the  hole  wall;  M is  defined  os 


= ^ j , for  a/c  * 1 


* [ ^ ^ ^ j , for  > 1 


and  is  the  front  surface  correction  factor  determined  by  interpolating  the  known 
solutions  for  the  following  three  coses;  (1)  a/c  = 0,  (2)  q/'c  = 1 , and  (3)  o'c  = 
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For  <t/c  rO,  the  crock  geometry  it  itmilor  to  thot  of  on  edge  crock  for  which  the  front 
turface  correction  foctor  it  i . i2.  For  a'c  the  crock  geometry  it  timilor  to  that  of 
o center  crock  for  which  M.  It  equal  to  1 .0.  For  o/c  “ I » M*  hot  been  obtoined 

' . (30) 

numericolly  ortd  pretenied  at  o function  of  on  ellipticol  ongle  by  Smith  et.ol.'  . 
Voluet  of  Mj  ore  pretented  in  Figure  174  in  o ten>degree  (elliptical  or>gle)  incrementt 
from  the  hole  wall  to  the  plate  lurface  for  oil  pottible  a/c  ratiot. 


For  the  convenience  of  application,  the  front  turfoce  correction  foctor  and  flaw  ihope 
facton  in  Equation  (23)  are  combined  oi  followt: 

forcM^cSl 

oitd  (25) 

K(| , « = (f , « (0.  ./o  1 

M* 

The  normalized  factor  it  plotted  in  Figure  175  ot  o function  of  o for  o'c  * i 
ar»d  in  Figure  176  at  o function  of  c'^a  for  a'c  > 1 . 

For  the  convenience  of  vituoiizing  the  variation  of  the  itreit  inlentity  factor  along  the 
crack  border,  the  geometric  angle  6 it  defined  at  the  angle  measured  from  the  hole 
wall  to  a specific  point  on  the  periphery  of  on  elliptical  crock.  Figure  177  shows  the 
relationship  between  the  ongles  /^ond  8 for  the  ratios  of  the  minor  to  mojor  okcs  ranging 
from  O.CXIi  to  1 .0. 


' tuation  (25),  proposed  by  Hsu  and  Liu,-  is  modified  in  the  following  manner.  For  o 
corner  crock  with  a small  c/r  ratio,  the  entire  crock  surface  is  located  in  the  region 
of  elevated  stress  and  the  unf lowed  stress  voriation  within  the  crock  turfoce  is  smoi*. 

For  this  cose.  Equation  (25)  normolly  results  in  good  estimates  of  tlso  stress  intensity 
factors.  However,  when  the  c 'r  ratio  becomes  lorge,  the  crock  surfoce  extends  into  the 
region  of  lower  stress.  Because  the  s’  ess  intensity  factors  ore  sensitive  to  the  locol  stress 
field  in  the  vicinity  of  the  crack,  the  actual  stress  intensity  factor  ot  the  edge  of  the  hole 
for  this  cose  is  expected  to  bo  lower  than  the  stress  intensity  factor  computed  from 
Equation  (25).  Also,  when  the  crack  is  deep,  the  hole  octs  to  restrict  the  crack  opening 
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which  tandi  to  roduce  th«  octool  itrosi  iniontiiy  factor  at  the  edge  of  the  hole,  again 
resulting  in  a computed  streu  intensity  foctor  which  it  too  large,  to  account  for  these 
effects.  Equation  (25)  is  modified  as  follows: 

K(| , ^ . M^(£ , 5)  for  o/c  a I 

and 

K(| , . c,vi?  Vr>  • ^ <1  ■ '>  • “c  'M> 


for  o/c  > 1 


where 


in  which  the  factor  F,  presented  in  Figure  178  os  a function  of  c/r,  it  obtained  from 
the  stress  intensity  factors  Shah^^^  estimoted  at  the  locotion  where  the  crack  and  hole 
wall  intersect  and  k is  the  distance  from  the  hole  wall  to  the  porticulor  point  of  interest 
on  the  crock  periphery . 


Normolized  stress  intensity  factors  {K/oJUa)  for  a double  corner  crock  emanating  from 

on  open  hole  were  computed  using  Equations  (26)  end  ore  presented  in  Figtves  179  »o 

1 82  as  a function  of  the  geometric  ang le  8 for  a^c  ratios  of  0.75,  1.0,  1.5,  and  2.0, 

respectively.  Solutions  were  also  obtained  from  Equation  (26)  for  on  q/c  ratio  of  0.5 

(30) 

oitd  ore  correlated  in  Figure  183  with  other  approximate  solutions  proposed  by  Smith' 
and  Shoh^^^.  Similarly,  solutions  for  a single  corner  crock  emanating  from  an  open  hole 
were  obtained  from  Equation  (26)  for  an  a/c  rotio  af  1 .0  and  ore  correlcted  in  Figure  184 
with  other  approximate  solutions  proposed  by  Koboyoshi  et.ol.'  ' and  Shah'  \ The 
magnification  factors  presented  in  Figure  184,  were  obtained  by  normalizing  the  stress 
intensity  factors  by  dividirsg  by  K|^  (the  stress  intensity  foctor  for  on  elliptical  crock  in 
an  infinite  body  subjected  to  a uniform  tensile  stress  3<T.). 


Because  there  is  no  closed  form  (exoct)  streu  intensity  factor  solution  for  o quarter- 
elliptical  corner  crack  emorsoting  from  on  open  hole  with  which  to  compare  the  current  so- 
lution presented  in  Equation  (26),  correlolions  were  also  mode  of  predictions  usirsg  the 
current  solution  with  experimental  test  data.  Two  sets  of  test  data  were  generated  under 
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car«Fuily  conlrolled  laboratory  conditloru.  Th«  tpacimsm  war*  mode  of  7050-T73 
aluminum  plate  with  a ^hickneu  of  0.25  Inch,  a width  of  3 inchot,  ond  o hole  diameter 
of  0.26  inch.  An  electro  diichotQe  machine  w«  uied  to  introduce  the  initiol  notch  at 
the  conver  of  the  hole  (one  crack  only).  Foligue  crock  propogdtion  tettt  were  then  con- 
ducted under  a higiv-humidily  environment  (90-95%  reiotive  humidity),  at  room  tempero- 
ture.  with  a looding  Frequency  of  10  cycles  per  lecond.  The  tpecimeni  were  lubjected  to 
constant  omplitude  looding  with  o moKimum  stress  of  15  ksi  otkI  a stress  ratio  of  0.  i . C'ock 
lengths  (both  a and  c)  were  recorded  using  a macromechonlc  device.  During  the  test, 
the  "morker''  loads  were  occcrionolly  applied  to  produce  bench  marks  on  the  frocture  sur- 
faces. These  bench  marks  provided  o record  of  the  actual  shape  of  the  crack  during  crack 
propagation  otkI  oIso  served  to  verify  the  mocromechonic  reodings  on  the  crock  leitgth 
measurements.  The  maximum  stress  level  for  the  “marker''  lood  cycles  wos  olso  15  ksi. 
but  the  streu  ratio  R was  increased  to  0,85.  Photogroph  showirsg  the  elox  cut  ond  the 
bench  marks  resulting  from  opplicotion  of  the  “marker"  ioods  on  the  crock  surface  of  the 
first  specimen  is  presented  in  Figure  185.  Figure  186  shows  the  octuol  flow  shape  on  the 
fracture  surface  of  one  of  the  specimens  resultiisg  from  the  opplicotion  of  the  marker  Ioods 
and  the  result  of  fitting  o quorler-elliplicol  curve  thraqgh  two  readitsgs  observed  on  the 
surfaces:  a and  c.  The  figure  Indicates  the  occurocy  of  ossuming  that  the  corner  crack 
is  quarter-elliptical  in  shape. 

Correlations  of  onalytical  predictions  using  Equation  (26)  and  the  experimentol  test  date 
for  the  two  previously  mentioned  test  specimens  are  presented  in  Figures  187  ond  188. 

The  figures  present  the  number  of  cycles  versus  crack  length  for  both  the  front  surfoce  and 
the  hole  wall.  It  was  assumed  in  the  predictions  that  for  a given  number  of  applied  lood 
cycles,  the  extension  of  the  quarter-elliptical  crock  border  wos  controlled  by  the  stress 
interuity  factors  ot  the  intersections  of  the  cr^ck  periphery  ond  both  the  hole  well  ond  the 
plate  surfoce.  (i.e.,  orsd  K^).  In  generol,  the  stress  intensity  foctors  at  these  two 
locations  are  different,  resulting  in  different  crack  growth  rates.  Therefore,  the  new  flow 
shape  aspect  ratio  after  eoch  crock  growth  increment  differed  from  the  previous  one.  The 
new  flaw  shape  aspect  ratio  wos  computed  usirsg  the  new  crock  lengths  on  both  the  hole 
wall  and  plate  surface.  The  process  wos  repeated  until  the  crack  length  along  the  hole 
wall  was  equal  to  the  plate  thickness.  At  that  time,  the  crack  was  assumed  to  be  o through 
crack  with  o crack  length  equal  to  c.  This  assumption  wos  mode  bosed  upon  the  experi- 
mental observaiion  that  after  the  crack  penetrotes  the  bock  surface  ond  the  cyclic  lood 
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appItcoMQn  continues,  the  bock  surface  crock  iertglh  Increoses  much  foster  ihon  thot  of  ihs 

front  surfoce  until  the  front  of  the  through  crock  becomes  stobie.  Figures  187  and  188 

indieote  thot  good  correlations  were  obtoined  between  the  onolyticol  predictions  and  the 

experimentol  test  doto.  Figure  189  shows  correlations  of  predictiorss  using  Equotion  (26)  ond 

two  sets  of  Snow's  test  data  ' ' generated  u»ir^  PMMA  polymer  material.  Comporisons 

between  the  computed  normalized  stress  intensity  factors,  using  Equation  (26)  ond  other 

approximate  solutions,  ond  doto  obtoined  by  Snow'  ' using  the  fatigue  crock  growth 

method  of  colibroting  the  measured  crock  growth  rote,  da/dN,  ond  the  stress  intensity 

foctor  ronge,  aK,  ore  tobuloted  in  Toble  37.  As  seen  from  oil  these  comparisons,  good 

correlations  between  the  ortolyticol  predictions  and  the  test  doto  hove  been  obtained. 

For  the  cose  when  the  oppiied  for-field  stress  exceeds  about  one  third  of  the  moterial  yield 

strength,  local  yielding  occurs  at  the  vicinity  of  the  hole.  In  such  o cose,  the  stress 

inteiuity  factor  for  o comer  crack  located  ot  on  Inelostic  hole  con  be  estimoted  from  that 

of  a thru  crack  solution  by  replocing  the  Bowie  factor  fi  in  Equation  (26)  by  the  foctor  H 

op 

ot  shown  in  Figure  140, 

Close  Tolerance  Fostener  Holes  with  and  without  Fastener  Lood  Transfer  - With  the 


knowledge  of  o through  crack  solution  ^CT'  the  stress  intensity  foctor  for  quarter 
elliptical  crocks  emonoting  from  the  comer  of  o close  tolerance  fostener  hole  with  or 
without  fostener  lood  transfer  con  be  estimoted  from  Equotlon  (26)  by  replocing  the  Bowie 
factor  0^  by  the  factor  Values  of  con  be  computed  usiisg  Equotion  (17)  and 

some  typical  volues  are  given  in  Figures  143  to  145.  These  values  are  volid  for  the 
width  to  hole  diameter  ratios  considered. 

Interference-Fit  Fostener  Holes  - As  previously  mentioned,  substontiol  plostic  yielding 


occurs  oround  o hole  due  to  the  installation  of  on  interference-fit  fastener  and  a sizeable 
residual  stress  intensity  factor  remains  after  the  removol  of  the  for-field  applied  lood. 
Similor  to  o close  tolerance  fostener  hole,  the  stress  intensity  foctor  for  quorter^llipticol 
cracks  emanating  from  the  comer  of  on  interference-fit  fastener  hole  con  be  estimated  from 
Equation  (26)  by  replacing  the  foctor  0 by  the  foctor  0.-. 

op  Ir 

Typical  foctors  for  a through  crack  emonoting  from  on  interference-fit  fastener  hole 
are  presented  in  Figure  ISO  for  2219-T8S)  aluminum  plate  and  in  Figure  152  for  6AI-4V 
beta  annealed  titanium  plate.  The  computed  normalized  s*ress  intensity  factor  at  the 
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iniarMctlon  of  plot*  lurfoca  and  tha  bordar  of  a tinjiia  cornaf  crock  amonaling  from 
inlarfarancB“fii  foilanar  holat  for  ihraa  lavalt  of  tniarfaranca  for  aach  mofariol  ttodlad 
ora  praianiad  in  Figurat  190  ond  191  for  on  ratio  of  0.75.  Thli  ratio  wot  choian 
bacouta  it  rapraianit  iha  ovaroga  flow  thcpa  taan  on  tha  frocturt  lurfoca  of  such  fottanar 
holat.  At  ditcutiad  aorliar.  tha  ttrau  intantily  factor  for  o crock  amnnoting  from  on 
lntarfarenca*fii  fottanar  hola  it  rtot  linaorly  proportionol  to  tha  for-flald  oppliad  lood. 

It  dapandt  olto  upon  tha  leva!  of  intarfarenca^  tha  moterlal  yiald  ttranglh^  Young's 
modulus,  ond  Foitton't  rot  to.  For  tha  purpose  of  validating  tha  onolyticol  solution,  o 
crock  emanating  from  on  inlarfaranca-fit  fottanar  hola  in  o plate  tubjeciad  to  contioni 
ompliiuda  for-fiald  loading  wot  iraalad  os  o crock  emonoting  from  o fottanar  hola  having 
no  residual  stress  and  subjected  to  vorying  ompitrude  loodt  which  produce  the  some  ^''aff 
and 

Tha  predicted  crock  growth  hittoriet  ora  comporad  with  last  data  in  Figure  192  for  a tingle 

corner  crack  emonoting  from  0.0024  , 0.0038.  and  0.0060  inch  diametric  ]ntarferenca*fil 

fastener  holes  in  2219>T85l  aluminum  plotet  subjected  to  contlont  amplitude  18  ksi  ond 

R » 0.1  for-field  loodii^.  Similar  anolytieol-experimental  correlotions  for  o single  comer 

crock  emonoting  from  0.0034  . 0.0042.  and  0.0050  inch  diomatric  intarfafenca>fit  fottanar 

holes  in  6AI-4V  bato  annealed  titonium  plates  subjected  to  40  ksi  and  R = 0.1  for-fiald 

(36 ) (2) 

iooding  ore  shown  in  Figure  193.  Both  Formon't^  and  Hall's'  ' crock  growth  rote 
equations  were  used  in  the  predictions.  The  predictions  using  Formon's  equation  show 
considerably  shorter  lives  then  those  using  Holl's  equotion.  As  seen  from  these  figures, 
the  predictions  ore  well  within  the  scatter  of  the  test  doto. 

Cold-Worked  Holes  ~ With  a knowledge  of  the  through  crock  solution  the  stress 

intensity  factor  for  quarter  elliptical  crocks  emanotirtg  from  the  corners  of  the  cold-worked 
fastener  holes  with  or  without  fastener  load  transfer  con  be  estimated  from  Equotion  (26) 
by  replacing  the  foctor  /S^  with  the  foctor  Volues  of  ore  given  by  Equation  (22) 

orsd  in  Figures  161  and  166.  As  discussed  previously,  if  the  crock  length  is  smaller  than  the 
compressive  zone,  resulting  from  the  cold  working  operation  oisd  the  opplicotion  of  the 
moximum  cyclic  lood,  the  crock  will  not  propogote  under  cyclic  loods.  However,  during 
the  course  of  the  experimentol  program,  it  was  found  thot  on  intentionol  comer  crock, 
which  is  much  smaller  thon  the  computed  negative  K region,  does  propogote  after  tha 
application  of  a lorge  number  of  repeoted  load  cycles.  It  is  suspected  thot  the  reloxotion 
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of  boneficlol  residuol  tnraini  du«  to  coid  working  occurr,  ond  ofirtr  o corioin  period  of 
fotiguo  Cycling,  th«  net  hoop  iirou  retultt  in  toniion  upon  roopplicotion  of  the  moKlmum 
cyclic  lood.  The  current  orwtlysii  It  not  copoble  of  occounting  for  iuch  rcloKOtion. 

For  convenience,  the  ovoiloble  tirett  intentliy  foctor  tolutiont  for  corner  crocki  emanating 
from  the  lypei  of  foiiener  holei  ttudicd  duriitg  thit  progrom  ore  summarised  in  Table  38. 


2.4  Embedded  Crocks  Emanotirsg  from  Fosterser  Holes 

The  stress  interuity  factor  for  semi-elliptical  embedded  crocks  emortollng  from  opposite 

(26) 

sides  of  on  open  hole  hos  been  estimated  by  mony  investigotors.  Hsu  ond  Liu^  ' modified 
the  surface  flaw  solution  by  using  Bowie's  through  crack  solution  to  account  for  the  hole 
effect  to  obtain  the  stress  intensity  foctor  for  such  on  embedded  crock.  Shan  obtained 
On  approKimalion  by  solving  the  equivalent  problem  of  o pressurised  penny  shoped  crack 
in  o solid  without  o hole.  The  pressure  he  opplied  on  the  crock  surface  wos  the  twc  dlmen- 

(37) 

siorsoi  stress  distribution  odjacent  to  o itole  in  on  infittile  plote.  kobayashi'  ' used  a 
superposition  method  based  upon  removitsg  residual  crock  surfoce  tractions  obioined  by  a 
llneor  approx imotion  of  the  prescribed  stress  distribution  in  on  uncrocked  plote.  Correction 
is  then  mode  to  the  through  crack  stress  intensity  to  produce  corresponding  vdlues  for  semi- 
eliipticol  embedded  cracks  ond  surface  effects  ore  neglected.  Smilh'^^  used  the  modified 
finite  element  alternating  method  to  compute  solutions  for  two-ftole-diameters-tp-piaib  thick" 
ness  rorios.  Similar  to  comer  crocks,  there  is  no  exoct  stress  intensity  l^octor  solution  oyqilpble 
for  on  embedded  crock  in  n hole  to  ossess  the  occurocy  of  the  oforementioned  opproximotions. 


For  engineering  application  purposes,  the  stress  intensit>  factor  solution  tor  on  ensbedded. 

(26) 

crock  emanoitng  from  on  open  hole  proposed  by  Hsu  and  Liu'  ' is  modified  and  presented 
rn  this  section.  The  solution  is  used  to  correloie  with  ovoiloble  exporimemal  data.  Com- 
porisons  between  the  current  solution  and  other  opproximote  solutions  ore  olso  mode.  The 
solution  is  then  extersded  to  the  cose  where  the  embedded  crack  is  emanating  from  o’her 
types  of  fosiene:  holes. 

Open  Holes  - The  opproximote  stress  intensity  focior  solution  for  tv»o  semi-ellipitcal  crocks, 
symmetrically  embedded  in  the  edge  of  on  open  hole,  proposed  by  Hsu  ond  Liu,'  "'oy  be 


written  as 


K , = o Jrra  . 
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The  function  for  ony  crock  ospect  ratio  is  given  In  Figure  I $4.  The  free-curved- 
turfoce  effect  due  to  the  pretence  of  on  open  hole  wot  not  properly  accounted  for  in  the 
obove  equation.  Hence,  similar  to  the  comer  crock  discussed  in  the  previous  section,  the 
stress  intensity  factor  at  the  hole  wall  estimated  by  Equation  (28)  it  too  high,  because 
Equation  (28)  does  not  account  for  the  restraint  of  the  hole.  Therefore,  Equation  (28) 
should  be  modified  os 


K = a\/vo  ^ 

where  has  been  defined  in  Equation  (27). 


(29) 


Experimental  data  for  semi-elliptical  embedded  cracks  emanoting  from  fostener  holes  ore 
very  limited.  Figure  195  shows  the  growth  pattern  of  a double  embedded  crock  originating 
at  a 5/16"  open  hole  in  4 inches  wide  7075-T651  aluminum  alloy  plate.  The  growth 
pattern  was  established  using  marker  loads.  The  thickness  of  the  specimen  wos  0.45". 

The  test  was  conducted  under  Lockheed's  IRAD  program.  The  specimen  was  subjected  to 
a constant  amplitude  far-field  load  of  15  ksi  and  R = 0. 1 at  room  temperature  and  a lob 
air  environment.  To  create  markers  on  the  fracture  surface,  10, (XX)  cycles  of  marker 
loads  were  opplied  between  every  1(X)0  cycles  of  normal  far-field  looding  by  chonging 
the  applied  load  ratio  to  0.85  but  maintaining  the  same  maximum  load  (15  ksi).  The 
crack  growth  during  each  application  of  the  marker  loads  was  small.  The  stress  intensity 
factors  at  the  hole  wall  and  in  the  depth  direction  (intersection  of  crack  front  and  semi- 
minor oxis)  were  reduced  from  the  test  data,  using  the  fatigue  crack  growth  method  of 
calibrating  K,  and  are  tabulated  In  Tc4)le  39.  The  corresponding  stress  intensity  factors 
computed  using  Equation  (29)  and  Shah's  solution  ore  also  included  in  the  table. 

Since  the  growth  increments  due  to  the  marker  loods  hove  been  neglected  in  the  data  re- 
duction, K values  reduced  from  the  data  are  slightly  higher  os  reflected  in  the  table.  In 
general,  the  correlation  is  foirly  good. 


Close  Toleronee  Fostener  Holes  with  ond  Without  Fostener  Lood  Transfer  - With  a knowledge 
of  the  through  crock  solution  Pqji  l^e  stress  intensity  factor  for  semi-elliptical  embedded 
cracks  emanating  from  a close  tolerance  fastener  hole  with  or  without  fastener  load  transfer 
can  be  estimated  from  Equation  (29)  by  replacing  the  foctor  with  the  factor 
Values  of  are  given  by  Equation  (17)  and  in  Figures  143  to  145. 
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Interference- Fit  Fotrener  Holes  - Similar  to  a cloie  tolerance  fastener  hole;  the  stress 
intensity  factor  for  semi-elliptical  embedded  cracks  emanating  from  an  interference-fit 
fastener  hole  can  be  estimated  from  Equation  (29)  by  replacing  the  foctor  with  the 
factor  Typical  /3|p  foctors  for  thru  crocks  emanating  from  the  interference-fit 

fastener  holes  are  given  In  Figures  150  and  152. 

Cold-Worked  Holes  - Theoreticolly  speaking,  the  stress  intensity  factor  for  semi-elliptical 
embedded  crocks  emanating  from  a cold-worked  hole  con  be  estimated  from  Equation  (29) 
by  replocing  the  factor  with  the  foctor  However,  it  is  suspected  thot  the 

beneficial  residual  strains  due  to  cold  working  may  oe  reloxed  after  a certain  period  of 
fatigue  cycling.  The  current  analysis  is  not  capoble  of  accounting  for  such  relaxation. 

For  convenience,  the  available  stress  intensity  foctor  solutions  for  embedded  cracks 
emanating  from  the  types  of  fastener  holes  studied  during  this  program  are  summorized 
In  Toble  40. 

3.  FAILURE  CRITERION  FOR  FLAWED  COLO-WORKED  HOLES 


A failure  criterion  which  could  accurately  predict  failure  of  flawed  structures  would  be  o 
useful  englneerifsg  too!  for  the  evaluation  of  structural  integrity  ond  the  selection  of  materials. 
Linear  elastic  fracture  mechanics  provides  a one-parometer  foilure  criterion,  K^,  for  cracked 
structures  with  small-scale  yielding.  However,  for  o crack  emanating  from  a cold-worked 
hole,  due  to  the  presence  of  the  large  plastic  strains  induced  during  the  cold-working  process, 
the  failure  may  not  be  characterized  completely  by  linear  elostic  frocture  mechanics. 

The  recent  attention  given  to  the  J integral  os  a failure  criterion  is  partly  due  to  the  fact 
that  tha  path-independent  J integral  can  be  calculated  through  regions  where  the  stress 
ond  strain  states  can  be  determined  with  sufficient  accuracy.  For  linear  elastic  behavior, 
the  J integral  is  identical  to  G,  the  strain-energy  release  rate  per  unit  crock  extension. 
Therefore,  a J integral  failure  criterion  for  the  linear  elastic  cose  is  identical  to  the  K,_ 
failure  criterion.  The  use  of  the  J integral  os  o failure  criterion  would  provide  a means 
of  directly  extending  fracture-mechanics  concepts  from  linear  elastic  behavior  to  elastic- 
plastic  behavior. 
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The  pafh-independent  integral  discovered  ond  designated  J by  Rice'  ' is  defined  by 


J Wdy  “ T ds  , 


where  x and  y are  cartesian  coordinates  measured  tongent  and  normal  to  the  crock  at 
the  tip,  cis  is  an  clement  of  arc  length  oiong  any  path  I'  circumscribing  the  crack  tip, 

W is  the  strain-energy  density  and  T and  u are  respectively  the  stress  and  displacement 
vectorsoppropriateto  material  just  inside  1.  The  promise  of  the  J infegrol  os  a meaningful 
measure  of  propensity  for  crock  propogalion  when  lorge  scale  yielding*  is  apparent  springs 
from  two  observations:  the  path  iryjepcndence  of  the  integral  con  be  established  without 
specifying  a linearly  responding  material;  if  however  a linearly  responding  material  is 
specified,  J can  be  shown  to  reduce  to  the  plane-strain  etsergy-re lease  rate.  Notwith- 
standing these,  on  elastic  material  response  is  required  to  evaluote  J because  of  the 
appearance  of  W in  its  definition.  Consequently,  J can  be  computed  without  ombiquity 
for  a nonlineorly  elastic  response  but  not  for  on  inelastic  one.  Thus,  in  any  opplicotion 
where  the  moterial  nonlinearity  arises  due  to  the  onset  of  plastic  defomiation,  the  value 
of  J can  be  tracked  on.)  p to  the  point  where  the  distinction  between  ixinlineor  elasticity 
and  plasticity  is  monifest;  i.e.,  when  some  port  of  tlie  region  under  considerotion  begins 
to  unload. 

With  regard  to  the  cold-work  process,  the  beneficial  residual  stress  field  is,  of  course, 
the  direct  result  of  unloading  following  on  exponsion  severe  enough  to  carry  material 
neor  the  edge  of  the  hole  past  its  elastic  limit.  Moreover,  when  a remote  uniaxial  tension 
is  applied  vertically,  the  material  at  the  lop  ond  bottom  of  the  hole  unloads  even  more. 

This  secondary  unloading  could  be  ignored  or  perhops  avoided  by  a judicious  choice  of  I', 
since  the  region  involved  does  not  include  the  neighborhood  of  anticipated  crack  initiation. 
But  the  initiol  unloodirsg  that  occurs  os  the  mandrel  is  removed  affects  the  entire  circum- 
ference of  the  hole  arjd  cannot  be  reasonably  overlooked. 

A numerical  estimate  of  J (using  stresses  ond  displocements  obtained  from  a finite  element 
representation  of  the  material  around  a cracked  Isole)  was  found  to  bo  path  independent 

* Large  scale  yielding  here  is  taken  to  n<eon  any  plastic  deformation  that  is  noi 
exclusively  characteristic  of  the  crack  tip;  e.g.  piostic  defomiotion  influenced 
by  boundaries  other  than  the  crock  faces  near  the  tip. 


aiid  in  good  ogrcemenf  wilh  the  plane  strain  energy  release  rote  available  from  Bowie's^^^^ 
analytical  solution  when  no  plostic  defomiotion  wos  involved.  Wltcn  the  some  model  woi 
used  to  simulate  2%  cold  work  with  subsequent  18  ksi  remote  ter^sion,  on  attempted  estimate 
of  J (treating  W as  recoverable  energy  density)  resulted  in  a path-dependent  quantity 
defying  interpretation. 

Consequently,  the  J integral  was  abandoned  as  a potential  fracture  criterion  with  which 
to  correlate  the  tests  tabulated  in  Table  31.  Alternatively,  the  following  two  approaches 
were  employed  in  an  effort  to  assess  the  apparent  toughness  appropriate  to  material  near  a 
2%  cold-worked  open  hole.  Qualitatively,  the  results  for  aluminum  and  titanium  con  be 
discussed  together. 

The  first  approach  consists  of  neglectltsg  the  residual  stresses  altogether  in  the  calculation 
of  Kj.  Predictably,  the  compared  apparent  toughness  wos  greater  than  the  toughness  ob- 
tained in  the  conventional  test  (Table  29);  but  the  difference  was  least  for  the  shortest 
crack  length,  where  the  effect  of  hole  cond'tioning  could  reasonably  be  expected  to  be 
greatest.  One  possible  explanation  of  this  paradox  relates  to  the  foct  that  the  crack  was 
introduced  prior  to  the  cold-work  operation.  This  meons  that  the  crack  tips  were  probably 
blunted  during  the  initiol  phose  of  the  exponsion.  For  the  shorter  cracks,  however,  sub- 
sequent expansion  and  unloading  produced  tangential  stresses  ihot  would  tend  to  press  the 
crack  faces  together  in  o "resharpening"  operation.  Based  on  this  argument,  one  might 
anticipate  that  the  longer  cracks  remoin  more  blunt  and  therefore  would  exhibit  a higher 
apparent  toughness.  An  area  that  needs  further  serious  consideration  is  that  addressing  the 
importance  of  sequence  in  the  cracking/cold-work  operation. 


The  second  approach  acknowledges  the  residual  stress  field  by  superposing  it  with  that  due 

to  lumote  loading  in  order  to  obtain  tractions  to  remove  from  the  prospective  crack  surface 

(40) 

via  a numerically  generated  Green's  function  . In  strict  accordance  with  the  defini- 
tions of  linear  elastic  fracture  mechanics,  such  an  approach  is  dubious  at  best;  i.e.  LEFM 
does  not  respond  to  situations  in  which  the  rkormol  stress  on  the  prospective  crack  surfaces 
is  compressive  while  the  extensional  strain  in  the  some  dliectloii  Is  positive.  Nonetheless, 
the  apparent  toughnesses  computed  in  this  manner  were  in  general  agreement  with  those 
obtained  in  conventionol  tests  except  for  the  shortest  crack  lengths.  Here  the  apparent 
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toughnMS  wot  tubttonfially  lest.  Thii  moy  b«  aUributotiin  unknown  fractions,  to  at  leoit 
two  tourcet.  Firstly,  the  beneficial  retidual  streti  field  may  be  lorgely  lost  due  to  relax - 
otion-'otpeciolly  near  the  edge  of  on  open  cold~worked  hole.  This  possibility  needs 
rather  immediate  attention  owing  to  the  considerable  impact  it  might  hove  on  life 
predictions.  Secondly,  reverse  yielding  it  evident  at  the  edge  of  the  hole  (see  Figures 
1)2  to  1 14),  and  an  accurate  determirrotion  of  the  stresses  there  requires  a hysteresis  data 
base  sufficient  to  model  the  post-yield  position  and  size  of  the  yield  surface.  Moreover, 
reverse  yieldirtg  intensifies  the  already  formidable  stress  gradients  near  the  edge  of  the 
hole  ond  may  require  more  sophisticated  elements  or  refined  modeling  in  this  neighbor- 
hood. 

4.  CRACK  GROWTH  PREDICTIONS 

Current  methodologies  for  life  predictions  ore  based  on  a crock-growth-damoge  integrotion 
pockage  that  hos  a data  base  and  analysis  to  interrelate  the  following  elements:  (a)  initial 
crack  geometry,  (b)  applied  stress  spectrum,  (c)  boseline  crock  growth  rate  and  other  mote- 
rial  data,  such  as  o and  K^,  (d)  stress  intensity  foctor  solution  and  (e)  lood-interoction 
model.  In  this  section,  the  predicted  number  of  cycles  (or  flights  under  the  spectrum  lood) 
ore  compered  with  those  counted  in  the  test  of  aluminum  and  titanium  specimens  subjected 
to  constant-amplitude,  bomber  and  fighter  spectrum  loodings.  There  is  no  existing  method- 
ology which  is  capable  of  occounting  for  the  interaction  between  the  residual  stresses 
created  by  the  ove.lood  in  the  spectrum  and  fhot  created  during  the  cold-working  operation 
or  the  installotion  of  an  interference-fit  fostener.  Therefore,  no  attempt  was  mode  to  pre- 
dict the  crock  growth  from  these  types  of  fostener  holes  under  spectrum  loading. 

The  predicted  results  for  cracks  growing  from  on  initial  size,  a.,  to  a final  size,  0^,  ore 
normalized  by  ;he  corresponding  test  data  and  presented  in  Table  41  for  constont  amplitude 
loaded  specimens  and  in  Toble  42  for  spectrum  looded  specimens.  For  specimens  tested 
under  spectrum  loading,  the  predictions  were  mode  using  the  lineor  occumuIoHon  teclmique 
and  three  different  retardation  models  included  in  the  computer  program,  "CRACKGROWTH, " 
available  at  the  Lockheed-Georgia  Company.  These  retordation  models  ore  the  original  ond 
modified  Willenborg  et  al  models^^’ ' and  the  Hsu  model^'*^^  Tire  constont  amplitude 
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ctockyrowth  latttt  pieviMitcd  in  Fiyuicii  10  and  1 1 tag«>th«<«  wi(>«  I ottnoit's  oquntiwi  wviv  uu'd 
in  llic  (Modictioni.  Foi  cotnitt  ctacki,  llta  inilioi  (law  sluiptf  wtis>  ovtumcd  to  bt’  ifiatlM- 
citcului.  Tile  (iiKtl  luffaco  crock  longilt  obM^tved  duiiitg  thv  tost  was  ustul  to  dutcinriiur  Ibv 
crock  giowtit  life  ol  eocft  lest  Itole  (except  for  specimen  1-1  $~lj  in  wbictr  lire  tinol  dimeirsion 
along  tbc  Irole  wall  was  used).  As  seen  ftcMii  the  tobies,  most  ot  tlie  piedicliotts  ore  leoson" 
ably  good.  However,  (o<  s|>ectiiim  loaded  Sftecimens,  none  ol  tire  existing  models  con  co;r- 
sistently  piodoce  occuiote  predictions.  Deveiopmeirt  oi  urs  iii^siovetl  lood-inleioction  model 
aisd  Iretler  ursdotstoiHlitrg  ol  the  itdeidcperuJeiK e of  the  veuioos  poKHiteleis  olfectiitg  tlie 
fatigue  Clock  giowlli  under  (liglit-’by~iliglit  spr'cliuti-.  looding  ore  necevsuiy  boioie  odequote 
crock  growtli  lile  predic'ions  con  be  achieved  (tx  oil  ltxnl  s|)ectro. 


SbCTION  VI 

OVSbRVATIONS  AND  CONCLUSIONS 

PoieJ  on  the  anolytical  stuviy  corxHocted  under  fids  program,  flu*  iollowinp  olssni vnf ions 

ond  corse  I visions  hovo  been  ntade: 

(1)  A Green's-foncf ion  approach  has  been  developed  for  ostinsof irsg  fho  stress  intensity 
foctors  foi  stroight  thro>.>gh  crocks  otnonafing  from  any  typo  of  fastener  hole.  The 
oppusoch  consists  ot  two  steps:  tiist,  o noislitsooi  litsito  oUsnont  solution  toi  tl>c'  ulostii  - 
plastic  stress  field  appropriate  to  the  rintlasved  hole  is  generated;  isext,  a crock  is 

irsti odviced  in  this  stress  Held  by  removing  the  troctrorrs  ssn  fire  crock  tacos  and  computing 
the  correspotrditrg  stress  itrfetrsity  lactiN  usitrg  the  Greerr's-tunc  tlorr  ap[.vooch. 

(2)  \Vhon  the  applied  far-fleld  stress  exceeds  about  one  ihtrvi  of  the  materiol  yield 
strength,  local  plastic  deformation  begins  at  the  edge  of  an  open  hole.  The 
rwreralije  l stress  interrsity  factors  computed  usitrg  the  Green's-fuirctiotr  opprooch 
is  lower  than  the  Bowie  factor  obtained  for  the  purely  elastic  cose.  As  local 
yieldirrg  proceeds,  suchnomroliied  focton  decrease  os  the  for-fiold  applied  stress 
increases.  When  the  crack  length  is  lorvgor  than  one  radius  of  the  hole,  this  plas- 
ticity effect  beconres  negligible, 

(3)  For  the  coses  where  the  crocks  emanate  front  interference-fit  fastener  holes  itr  both 
alunrinunr  arrd  titanium  alloy  plates  subjected  to  constont  amplitude  for-fiold 
loading,  the  computed  effective  stress  interrsitv  factor  ranges,  K -K  . , ore 
essenticily  constant  ar»d  indoporrdont  of  the  level  of  diometi  icol  interfer  ence.  How- 
ever, the  effective  stress  intensity  factor  ratio,  R „ = K . ‘K  , does  doperrd 
upon  the  level  of  interference.  For  a crack  length  less  than  one  radius,  decreoses 
rapidly  os  the  amount  of  interference  increases.  Wren  g r^  1,  remains  almost 
constont  os  the  amount  of  fastener  hole  interference  increases. 

(4)  By  idealizing  a crack  emanating  from  on  interference-fit  fastoiror  hole  itr  a plate 
subjected  to  constant  omplitude  far-field  loading  as  one  emaratlng  from  a fastener 
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hole  without  residual  stress  and  subjected  to  vatioble  amplitude  loodiny  which  pi otiuces 
the  same  ot'd  ^eff'  crack  growth  history  correlates  roosonably 

well  with  the  test  data. 

(5)  for  ttie  crocks  enianotiiry  trom  cold-woiked  tosteoer  holes,  the  stress  intensity  foctoi 
corresponding  to  a given  crock  length  incieosesas  the  amount  of  cold  working  decreases. 
The  stress  intensity  foctors  at  cracked  cold-worked  open  ond  close  tolerance  fastener 
holes  are  practically  the  same.  However,  with  a small  omount  of  fastener  load  transfer, 
the  corresponding  stress  intensity  factor  increases  significantly.  Tlie  computed  stress 
intensity  foctors  correlate  excellently  with  test  data  reduced  from  the  testing  of  aluminum 
and  titanium  materials  with  lorge  initial  crack  lengths. 

(6)  Theoretically  speaking,  If  the  crack  length  is  smaller  than  the  compressive  zone 
resulting  from  the  cold-work  operation  and  the  application  of  the  maximum  cyclic 
load,  the  crack  will  not  propagate  under  constant  amplitude  cyclic  looding.  However, 
the  experimental  data  negates  such  a conclusion.  It  is  suspected  that  the  relaxation  of 
residual  compressive  strains  due  to  cold  workirrg  occurs,  and  after  a period  of  fatigue 
cycling,  the  net  hoop  stress  reverts  to  tension  upon  the  reapplication  of  the  maximum 
cyclic  load.  The  existirrg  methodology  is  not  capable  of  taking  such  reloxotion  into 
account . 

(7)  The  Green's-function  approach  developed  here  con  be  easily  extended  to  stody  cracks 
originating  at  any  other  fastener-hole  combination, 

(8)  The  approximate  stress  intensity  factor  for  a quarter-elliptical  crock  emanating  from 
the  corner  of  any  fastener  hole  con  be  derived  from  the  corresponding  thru  crack 
solution,  Th?  computed  stress  Intensity  factors  show  good  ogreorrent  with  the  data 
reduced  from  testing. 

(9)  The  stress  intensity  factor  for  a double  semi-elliptical  embedded  crack  originating 
at  open  hole  has  been  derived  from  the  modification  of  a surface  flow  solution.  The 
correlation  between  the  computed  stress  intensity  factors  otKi  those  reduced  from  tests 
using  the  fatigue  crack  growth  method  of  calibrating  K is  good. 
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(10)  CurT«n>  metlKvii  of  prtklictlng  crock  growth  onder  flight-by-fliglrt  jpecfrwi*  loodit^ 
con  tK'f  be  easily  extetsded  to  predict  the  growth  of  crocks  ftoin  pte-cc'irdi tioned 
fosteiser  holes  (such  os  cold-worked  otxi  interference-fit  fostener  Isoles),  This  is  due 
to  o lock  of  understand iisg  of  tire  iirteioction  l>etweeir  fire  resirtuol  stresses  cieofetl  due 
to  pre-coixlitioning  orsd  the  application  of  oir  overlooii. 

Bosed  on  the  experimental  program  conducted,  sonre  of  the  olrsot votioirs  ond  coirclusioirs 
nrode  nroy  be  sunmroilced  os  follows: 


(1)  Fotigue  lives  of  unflowed  lirstenei  Iroles  troviirg  obouf  lO'V  of  fosteirei  load  tioirsfei 
can  be  Increased  through  the  use  of  interference-fit  fasteners.  The  fatigue  life  of 

o cold-woiked  frole  is  coirrpourble  with  tlrot  of  a close  folerotrce  fosteirei  hole  it  eoch 
tros  tfre  some  siirrount  of  fosteirei  lood  tronsfer. 

(2)  Both  corner  cracks  and  embedded  flows  ore  the  most  coiirmotr  types  of  noturol  crocks 
initiated  due  to  fatigue  cycling.  The  shapes  of  these  natural  crocks  ore  respectively 
very  close  to  quorter-  and  semi -el I ipticol . ^hese  shopos  trove  been  ossuirred  in  irrost  of  fire 
onolyses.  Surface  flows  near  o fostener  hole  hoving  o high  level  of  interference  lit 

ore  also  possible  origins  of  natural  crocks.  Tlris  is  true  because  the  oeok  teirsile  stresses 
(during  both  loading  and  unloadirrg)  are  located  some  distance  awoy  fronr  the  hole 
wall. 

(3)  With  a preconditioned  fastener  hole  (such  os  diametrical  inteileionce  or  cold  workingl, 
the  crack  growth  rate,  in  general,  is  significantly  lower  thon  that  of  o stroight  reomed 
hole  without  preconditionirrg . 

(4)  For  corner  cracks  emanatiisg  from  straight  reamed  holes,  both  with  and  without  cold 
working,  the  growth  rote  along  the  hole  wall  is  larger  than  the  corresponding  rote  on 
the  plate  surface.  Hence,  the  final  flow  shope  ratios,  a/c,  are  greater  than  1 in  all 
the  cases  observed  here.  For  similar  cracks  at  interference-fit  fastener  holes  without 
fastener  load  transfer,  the  final  flaw  shape  is  close  to  quarter-circular  which  implies 
that  the  growth  rates  are  practically  the  same  on  both  the  hole  woll  and  plate  surfaces. 
However,  with  a small  amount  of  load  transfer  at  the  interference-fit  fastener  holes, 
the  final  crock  dimension  on  the  hole  wall  is  much  less  than  that  on  the  plate  surface. 
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(5)  Dofa  $caM«r  W lorge  in  (he  tejtj  of  cracki  emanating  from  cold-worked  and 
interference-fit  fastener  holes.  For  the  same  type  of  far-fiold  loading,  such 
scatter  decreases  rapidly  as  the  crock  length  increoses.  For  a given  initial 
crack  siie.if  the  applied  load  is  too  low  (resultitsg  in  the  effective  being 
snuillor  thon  or  close  to  AK  threshold),  one  may  anticipate  that  the  growth 

behovlor  ot  such  a ciock  would  be  ossenfiollv  the  some  os  that  ot  o lotigue  te't  witliout 
an  intent! orsol  tlaw. 

(6)  The  effect  of  6 to  10  percent  fastener  load  transfer  on  crack  giowtii  rates  is  more 
sigirificant  for  cold-worked  holes  thair  close  tolerance  fastener  holes.  This  effect  is 
practically  negligible  at  interference-fit  fastener  holes. 

(7)  Data  scatter  obtained  from  tl>e  figlrter  spectrum  tests  is  larger  than  tliot  corresfX'Ttdiisg 
to  the  bomber  spectrum  tests,  white  the  results  ol  constoirt  amplitvide  tests  show  tite 
least  scatter. 

(8)  For  initially  Intermediate  and  large  cracks  emanating  from  interference-fit  fastener 
holes  subjected  to  the  same  type  of  for-field  looding,  within  the  levels  of  interference 
studied  l^ere,  their  associated  growth  rotes  are  practically  the  same  for  coch  level  ol 
interference.  However,  for  small  initial  cracks,  the  crack  growth  rates  decreose  os 
the  amount  of  interference  increases. 

(9)  For  cracks  originating  at  cold-worked  fastener  holes,  the  crac'  'growth  rates  decreose 
os  the  amount  of  cold  working  increases. 

(10)  For  a given  lood  spectrum  ar»d  fastener-hole  condition,  the  equivalent  "threshold" 
crack  length  can  be  established  from  the  testing  of  small  initial  crocks,  from  which  n 
qualitative  comparison  between  different  types  of  fastener  holes  can  be  made.  The 
equivalent  threshold  crock  length  is  spectrum  dependent. 

(11)  The  boneflciol  effect  of  the  residual  strains  (created  during  the  installation  of 
interference-fit  fasteners  or  during  the  cold-working  operatioir)  on  retarding  tt>e  fatigue 
crack  growth  is  most  significant  when  the  crack  length  is  small.  The  benefit  decays  as 
the  crack  length  increases. 
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SECTION  VII 
RECOMMENDATIONS 


BoitKl  on  fli«  i>ody  conducted  for  (Ms  progronr,  it  was  foutid  that  certoin  desirable 
infoimation  could  not  be  obtained  from  the  moterlol  ovoiloble.  Tne  subjects  listed 
urvler  this  section  might  bo  considered  for  inclusion  in  future  Air  Force  K&D  progioms. 

(1)  The  beneficial  effect  of  the  cold-working  operation  on  the  fatigue  ond  crock  growth 
characteristics  has  been  demonstrated  based  on  test  stoto  gt'nerofed  mostly  unHer  tension- 
tension  looditsg.  The  interactions  between  both  oveiloosis  <ind  compressive  loods 

in  o s^>'CtTum  wItts  tfie  residual  compressive  troop  stresses  orixurd  a tvisft'nei  trol  e I esu  1 1 - 
ing  frssm  the  ctsld-woi  king  operotiois  should  Ise  irsvestigoted  in  mtsfe  detoil.  L iii'Ited 
data  ovoiloble  to  dote  seems  to  indicate  that  they  might  negate  such  beneficial  effects. 

(2)  It  is  suspected  tisot  the  residual  compressive  hoop  stresses  resulting  liom  the  cold-wivkltrg 
operofion  may  be  relaxed  significontly , even  under  coirstont  anrplitude  terrsion-tensis'n 
fotigue  loading.  An  investigation  should  be  conducted  to  onssver  why  on  Initiol  crock-- 
much  smoller  then  the  compressive  zone  resultiisg  from  tire  coid-woiking  0|.'><‘i otion  ond 
the  opplicotion  of  the  maxiiirum  cyclic  lossd-  giess  cpiidei  cyclic  loods. 

(3)  Only  one  constant  amplitL>de  load  level  was  used  in  the  tests  of  cold-worked  ond 
Interference-fit  fastener  lioles.  Since  the  resultant  locol  stresst's  ois'pund  tlu'  hole  ore 
sensitive  to  fire  for-fleld  applied  load,  more  fai-field  lood  levels  sfiould  be  used  in  o 
future  shidy.  Tfris  future  study  is  needed  as  on  it’iternrediofe  step  fowoid  developing 
the  methodology  for  analyzing  tfre  crack  growth  behovioi  under  spectrum  loading  tor 
these  types  of  fastener  holes. 

(4)  A parametric  study  should  be  corrducted  to  establish  the  relationships  between  tire  crock 
growth  characteristics,  the  amount  of  fastener  hole  pre-conditioning  ond  the  for-field 
applied  loads.  Suctr  a study  is  ireeded  to  allow  tire  selectloir  of  on  optimum  fosteirei 
system  for  critical  locotlotrs  lir  o structure. 
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Figure  21.  Growth  Behavior  of  littermediote  Corner  Cracks  for  Various 
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22I9-T851  Aluniinum  Plates  Subjected  to  18  Ksi  Constonf 
Arrrplitude  loadiitg 


CRACK  lirJGYH,  c.  ^^JCH£5  CRACK  LENGTH,  c,  INCHES 


ItVtL  2 INTERFERE NCt  FIT 
O A-CA-3 
C,  A-PO-3 


o 


0.25h 


0.20 


0.15 


0.10 


0.05 


o 


□ A-PO-3 


.\ 


o 


.V 


.V 

A 


o 


o 


(N 


^ •Tf  1 


iP 


,,  u 


p I1 


1! 


1 1 


1) 


i: 


n 


c - 0.056" 
o 


I I i 1 


1 1 


01  2345678 


NO.  OF  CYCLES  x 10 


-4 


,>(0.295.  0.2001 
u 


.n 


[] 


I 1. 

9 10 


0.20 


LEVEL  2 INTERFERENCt  FIT  WITH  LOAD  TRANSFER 
^5  A-CA-3 
O A-CA-4 


0. 15 


0.10 


0.05 


o 


c - 0.056" 

o 


A 


A 


.\ 


.\ 


A U).089,  0.1701 


0 1 2 


1 I I I I 1 

3 4 5 6 7 8 

NO.  OF  CYCLES  s 10“* 


1 

9 


Figure  22  . Growth  Behavior  .if  Intermedioto  Cvirner  CrocUfrooi  Levt^l  2 
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Constant  Anplitude  Loading  (a  - 18  K*l,  R - 0. 1) 


96 


SURFACE  CRACK  LENGTH,  c,  INCHES 


o 

X 


a. 

o 


a£ 

o 

$ 

) 

Q 


Xri  ^ ^ 

I I I 
< < < 
<J  VJ  U 

I I I 

< < < 

— fS  CO 
— I _l  — I 
UJ  iU  Ul 

^ ^ 


O O <3  □ 

u 


<o 


L_ 


lO 

o 


. I- 

cn 


o o 

S3HDNI  'H10N31  MDV^D 


<•> 


o 


in 

sn 

I 

o 

K 

iA 

o y 

<>*  \J 

u 

u. 

o 

vn  O 

* Z 


>0 

o 


I? 
.£  ‘>- 
E . 

- < V 

J?  - ® 

00  II 


ij«o 


V.  O'  — 

T.  o> 

e CN  c 

U .- 

J!  C 

-o  £ 1 

t>  -s- 

E c :r 

u t>  *0. 

p a.  r 

c O 4 

.fe  c 

p 


o 

.5  c g 

fc.  IX 


C JK  O 

J{  s £ 

r “D  *0 

1 O £ 

SU  o 

“Ti  - 

c > *» 
O *’  T: 
V«  O 

& 3 

3 S:? 

u > < 


O* 


3 

o> 


;1 


. ^ 


98 


Figure  25 . Comporisort  of  Growth  Behavior  of  (ntermectiate  Comer  Croclo  from 
Various  Types  of  Fostener  Holes  in  2219-T851  Aluminum  Alloy  Plotes 
Subiected  to  Constont  Amplitude  Loading  (a  - 18  KSI,  R = 0. 1) 
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Figyfft  29.  Grow^F-  BeWovior  cl  S^rion  Thru  Creeps  hr>rr  ?r)f«rferervc*-Fi»  FciHsner 
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Figure  30.  Growth  Behavior  Infermediote  Thru  Crock*  from  Interference-Fit  | 

Fastener  Holes  for  Voriou*  Levels  of  Interference  in  2219-1351  Aluminum  I 

Alloy  Plote*  Subjected  fo  Constont  Amplitude  Looding  (cr  = 18  Ksi,  R =0.1) 
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Fig  jre  32.  Growth  Behovlor  of  Small  and  Intermediofe  Thru  Crochj  from  Level  3 
Interference-f  it  Fottener  Hole*  ir^  2219-T851  Aiumir^um  Plotei 
Subjected  to  Coostont  Amplitude  Loading  (cr=  I8  PCSI,  R = 0. 1) 


CRACK  length,  o,  inches 


O LEVEL  1 COLD-WORKED  OPEN  (A-CA-15) 

A LEVEL  1 COLD-WORKED  LOAD  TRANSFER  (A-CA-20) 

□ LEVEL  1 COLD-WORKED  CLOSE  TOLERANCE  (A-CA-20) 


NO.  OF  CYCLES  x 10 

Figure  34.  Growfh  Behavior  of  Infermediofe  Thru  Cracks  from  Open  and  Filled 
Cold-Worked  Fastener  Holes  in  2219- T851  Aluminum  Alloy  Plates 
Subjected  to  Constant  Amplitude  Loading  (o  - 18  Ksi,  R -0.1) 
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Figure  35.  Growth  Behavior  of  Intermediate  Thru  Crock*  from  Level  1 Cold-Worked 
Holes  With  and  Without  Fastener  Lood  Transfer  in  2219-T851  Aluminum 
Plates  Subjected  to  Constont  Amplitude  Looding  (o  18  Ksi,  R 0. 1) 
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Figure  36,  Growth  Behavior  of  Large  Thru  Crack$from  Level  1 Cold-Worked  Holes 
in  2219-T851  Aluminum  PlotesSubjected  to  Constant  Amplitude  Loading 
(a=  18  KSI,  R = 0. 1) 
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Figur*  37,  Growth  Behovior  of  Large  Thru  Crocks  from  Cold-V/orked  Open  Holes  for 
Vorious  Levels  of  Cold  Working  in  2219-T851  Aluminum  Alloy  Plotes 
Subjected  to  Constant  AmpUh^e  looding  (tt  = 18  Ksi,  R =0.1) 
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Constant  Amplitude  Looding  (cr®  1 


112 


CRACK  LENGTH,  e,  INCHES 


0.20 


OPEN  HOU 
O T-CA-1 
A T-CA-2 


0(0.28,  0.20) 
sO 


^ c *0.005" 


CLOSE  TOLERANCE 
O T-CA-I 
Ci  T-CA-2 


i c = 0.005" 

o Ct 


0^  0 00  0 00 


c = 0.005"  o° 


LOAD  TRANSFER 
O T-CA-1 
O T-CA-2 


NO.  OF  CYCLES  X 10'’ 

Figure  39.  Growth  Behavior  of  Small  Conwr  Croclofrom  on  Open  and 
Clow  Tolerance  Fosterter  Hales  in  6A(-4V  Beta  Annealed 
Titanium  Alloy  Plates  Subjected  ta  Constant  Amplitude  Looding 
((r  = 40Ksi,  R-0.1) 
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Figure  40  . Growth  Behovior  of  Intormediofe  Comer  Cracks  from  on  Open 
ar>d  Close  Tolerance  Fastener  Holes  in  6Al''4V  Beto  Anneoled 
Titonium  Alloy  Plates  Subjected  to  Constant  Amplitude  Looding  (<7  - 40  KSI, 
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Figure  41.  Grcwnth  Behavior  of  Intermediate  Corner  Crocks  from  Interference-Fit 

Fostener  Holes  for  Various  Levels  of  Interference  in  6A1-4V  Beta  Anneoled 
Titanium  Plates  Subjected  to  Constant  Amplitude  Looding  (o  = 40  Ksi,  R'=0. 1) 
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Figure  43,  Growth  Behavior  of  Inteimediate  Comer  CrocKifrom  Level  1 Cold-Worked  Hole* 

in  6Ai-4V  Beta  Annealed  Titanium  Plolet  Subjected  to  Constont  Amplitude  Looding 
(0=  40  Kil,  R = 0.1) 
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Figure  45  . Growth  Behavior  of  ^n1all  Tl^ro  Crocks  from  Open  and  Close  Toleronco 
Fastener  Holes  in  6Ajf'4V  Beta  Annealed  Tifoniuni  Alloy  PlotesSub jecfed 
to  Constant  Amplitude  Looding  (st  = 40  Ksi,  R *0.1) 
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Figure  48.  Growth  Behavior  of  Thru  Crocks  from  Level  1 Cold-Worked  Open  Holes  i 
6AI-4V  Beta  Annealed  Titanium  Alloy  Plotes  Subjected  to  Constant 
Amplitude  Loading 
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Figure  49.  Growth  Behavior  of  Small  Thro  Crack*  from  Level  1 Cold-Worked  Filled 
Holes  in  6AI-4V  Beta  Annealed  Titoniom  Alloy  Plotes  Subjected  to 
Constant  Amplitude  Looding 
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Figure  53.  Crock  Growth  Behavior  of  Corner  Crock*  from  Open  ond  Close  Toleronce 
Hole*  Wifh  ond  Wirtioof  Foifener  Lood  Tromfer  In  2219-T851  Aluminum 
Alloy  Piofes  Subjected  to  Bomber  Spectrum  Looding 
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Figure  54  . Grow»K  Behovior  of  Intermediate  Corner  Crock*  from  Vorioui  Levels 

of  Interference-Fit  Fastener  Holes  in  2219-T851  Aluminum  Alloy  Plates 
Subjecteci  to  Bomber  Spectrum  Looding 
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Figure  58.  Comporison  of  Growfli  Behovlor  of  Smoll  Comer  Croclsfrom  Level  1 Cold-Worfced 
and  Interference-Fit  Futener  Holes  in  22I9'T851  Aluminum  Alloy  Plates 
Subjected  to  Bomber  Spectrum  Looding 
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Figure  62.  Growth  Behavior  of  Intermediote  Thru  Crocks  from  Interference-Fit  Fastener 
Holes  for  Various  Levels  of  Interference  in  2219-T851  Aluminum  Alloy  Plates 
Subjected  to  Bomber  Spectrum  Loading 
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Figur«  63  , Growth  Behavior  of  Intermediate  Thru  Crocks  from  Level  2 Interference- Fit  Fastener  Holes  with  ond  without 
Fastener  Load  Transfer  in  2219-T85I  Aluminum  Alloy  Plates  Subjected  to  Bomber  Spectrum  Looding 
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Figure  69  . Comporlton  of  Growth  Behovlor  of  Smoll  Thru  Croctefrom  VorIou$  Typ«  of  Fo»terter  Holes  5o 
2219-T851  Alumirtom  Alloy  Plotes  Subjected  to  Bomber  Spectrum  loading 
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Figure  70.  Growth  Behovior  of  Corner  Crocks  from  Open  ond  Close  TolerorKe  Holes 
in  6AI-4'/  Beto  ^nneoled  Tifonium  Ailo^  Plates  Subfected  to  Bomber 
Spectrum  Loading 
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Figure  71.  Growth  Behovior  of  Intermediote  Corner  Crock*  from  Level  1 Interference- 
Fit  Fostener  Holes  in  6AI-4V  Beta  Anneoled  Titomum  AJIo/  Plates  Subjected 
to  Bomber  Soectrum  Loading 


Figjre  72.  Growth  Behavior  of  Intermediate  Corner  Crock*  from  Interference-Fit 
Fastener  Holes  for  Various  Level*  of  Interference  in  6A1-4V  Beto 
Annealed  Titanium  Alloy  Plotes  Subjected  to  Bomber  Spectrum  Looding 
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Figure  73.  Growth  Behavior  of  Intermediate  Comer  Cracle  from  Level  1 Cold- Worked 

FosterMr  Holes  in  6AX-4V  Beta  Annealed  Titanium  Alloy  Plotes  Subjected 
to  Bomber  Spectrum  Loading 
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Titanium  Alloy  Plotej  Subjected  to  Bomber  Spectrum  loocing 
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Figure  75 . Comparison  of  Growth  Behavior  of  Intermediate  Comer  Craclafrom  Level  1 Cold-Worked  and 
Interference-Fit  Fastener  Holes  in  6AI-4V  Beta  Annealed  Titanium  Alio/  Plates  Subjected  to 
Bomber  Spectrum  Loading 
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Figure  76.  Comporison  of  Growth  Behavior  of  Intermediate  Comer  Craclefrom  Level  2 Cold-Worked  and 
Interference- Fit  Fastener  Holes  in  6A4-4V  Beta  Annealed  Titanium  Alloy  Plotes  Subjected  to 
Bomber  Spectrum  Loading 
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Figure  77 , Growth  Behovior  of  Smolt  Thro  Crocks  from  Open  ar»d  Close  Tolerance  Fostener  Holes  in 
6Ai-4V  Beta  Anneoled  Titanium  Alio/  Plates  Subjected  to  Bomber  Spectrum  Loading 


INTERFERENCE-FIT  FASTENER  HOLES 


Figure  78.  Growth  Behavior  of  Intermediote  Thro  Cracks  from  Interference-Fit  Fastener 
Holes  for  Various  Levels  of  Interference  in  6AI-4V  Beto  Anneoled  Titonium 
Alloy  Plates  Subjected  to  Bomber  Spectrum  Loading 
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Figure  79,  Growfh  Behovior  of  lnrermedlo»e  Thru  Crocks  From  Level  2 Inrerference- 
Fif  Holes  in  6AI-4V  Beta  Annealed  Titanium  Alio/  Plotes  Subjected  to 
Bomber  Spectrum  Looding 
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figure  80.  Growth  Behavior  of  Thru  Crocks  from  Cold-Worked  Open  Holes  in 
6AI-4V  B^:ro  Anneoled  Titonium  Alloy  Plates  Subjected  to  Bomber 
Spectrum  Looding 
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Figure  87.  Growth  Behavior  of  Intermediate  Corner  Cracks  from  Level  1 Cold-Worked 
Holes  in  2219-T851  Aluminum  Alloy  Plates  Subjected  to  Fighter  Spectrum 
Loading 


161 


NO.  OF  FLIGHTS  X 10  ‘ 


Figure  88,  Comparisoii  of  Growth  Behavior  of  Intermediate  Conner  Cracks  from 

Level  I Cold-Worked  and  Interference-Fit  Fastener  Holes  in  2219- T851 
Aluminum  Alloy  Plates  Subjected  to  Fighter  Spectrum  Loading 
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Figure  89*  Compariton  of  Growth  Behovlor  of  Intermediote  Corner  Cracks  from 
Vorioirt  Types  of  Fostener  Holes  in  2219-1851  Aluminum  Alloy  Plates 
Subjected  to  Fighter  Spectrum  Loading 
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Figure  90  . Growth  Behavior  of  Inter.r.ediate  Thru  Cracks  from  Open  end  Close 

Tolerance  Fastener  Holes  in  2219-T851  Aluminum  Alloy  Plates  Subjected 
to  Fighter  Spectrum  Looding 


O LEVEL  ) INTERFERENCE  FIT  (A-FS-9) 
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Figure  91 . Growth  Behavior  of  Intermediote  Thru  Cracks  frorri  Interrerence-Fit 
Fostener  Holes  for  Vorious  Levels  of  Interfererice  in  2219-T851 
Aluminum  Alloy  Plates  Subjected  to  Fighter  Spectrum  Loading 
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Figure  92.  Growth  Behavior  of  Small  Thro  Cracks  from  Level  3 Interference- Fit 
Fastener  Holes  in  2219-T851  Aluminum  Alloy  PlateeSubjected  to 
Fighte'  Spectrum  Looding 
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Figure  93.  Growth  Behavior  of  Thru  Cracisfrom  Level  I Cold-Worked  Open  Holes  in 
2219-T851  Aluminum  Alloy  Plates  Subjected  to  Fighter  Spectrum  Loading 
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Figure  101  . Growth  Behovior  of  htermediote  Comer  Croebfrom  Vorioui  Types  of  Lev*!  1 
Cold- Worked  Holes  in  6A/-4V  Beto  Anrteoled  Titanium  Alloy  Plotes  Sii>{ected 
to  Fighter  Spectrum  Looding 
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Figure  102.  Growth  Behavior  of  Smell  Corner  Crocks  from  Cold' 
for  Various  Levels  of  Cold  Working  in  6A1-4V  Befo 
Alloy  Plotes  Subjected  to  Fighter  Spectrum  Looding 


SPECI//£N  NO.  T-  FS-8 


SPECIMEN  NO,  T-FS-10 


Figure  104.  Growth  Behovior  of  interrriediate  Thru-Crackt  from  Level  2 lnterferer»ce-Fir  Fostener  Holej  wit^h  ef>d  -ritfvout 
Fosterer  lood  Transfer  in  6A4-4V  Beta  Anneoled  Titanium  Alio/  Plata  Subjected  to  Fighter  Spectrum  Loading 
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Figure  107.  Gro/^tH  Beno/ior  of  Smoli  to  Large  Toru  Cracks  from  Leve’  ’ Co!c-.Vor<e' 
Filled  Holes  In  eA!-4  / Beta  Annealed  Titanium  Alio/  Plates  Subleoted  t! 
Fighter  Spectrum.  Loading 
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Figure  108.  Growth  Behovior  of  Small  to  Lorge  Thru  Crock*  from  Level  I Cotri-Worked  Holes 
With  Fastener  Leod  Tronsfer  in  6AX-4V  Beto  Annealed  Titonium  Alto/  Plotes 
Subjected  to  Fighter  Spectrum  Looding 
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COLD  WORKING  + 40  KSI  FAR-FIELD  LOADING 
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Unflowed  Stress  Ds$tr5butior>  Along  the  x-Axis  in  6A1-4'/  Beta  Anneoled 
Titonlum  Plate  Coused  by  2%  Cold  Working  ond  Subsequent  For-Field 
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Titanium  PlotesCaused  by  40  KSI  Far-Fleld  Loading 
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NONDIMENSIONAL  DISTANCE  FROM  EDGE  OF  HOLE,  kA 

Figure  129.  Unflawed  Stress  Distribution  Along  the  x-Axis  in  6A1-4V  Beta  Anneoled 
Titonium  Plate  Caused  by  0.0042  Inches  Diametrical  Interference  and 
Subsequent  Far-Field  Loading 
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CIRCUMFERENTIAL 


- 0.0050"  INTERFERENCE  ONLY 

0.0050"  INTERFERENCE  + 40  KSI 
FAR-FIELD  LOADING 

- 0.0050”  INTERFERENCE  + 4.0  KSI 

FAR-FIELD  LOADING 


NONDIMENSIONAL  DISTANCE  FROM  EDGE  OF  HOLE,  x/r 

Figure  130.  Unflowed  Stress  Distribution  Along  the  x-Axis  in  6AI-4V  Beta  Annealed 
Titanium  Plate  Caused  by  0.0050  inches  Diametrical  Interference  and 
Subsequent  For-Field  Loading 
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Figure  136  A Double  Radiol  Crock  Emanating  from  o Circular  Hole 

Subjected  to  Two  Pairs  of  Concentrated  Forces  ©n  the  Crack  Surfaces 


Figure  137  Idealization  of  the  Hole  os  o Portion  of  o Straight  Crack 
When  the  Applied  Forces  Are  Close  to  the  Crack  Tip 
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OfMENSIONAL 


I ’ 


NORMALIZED  CRACK  LENGTH,  q/r 


Figure  139  Normalized  Stress  Intensity  Faclonfor  a Single  Crack 
Emanating  from  on  Open  Hole 
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Anneoted  Titanium  Plotes 


CRACK  LENGTH,  a,  INCHES 

Foctors  for  o Single  Thru  Crack  Etnanotir>g  from  a Close  Tolerance  Fastener  Hole 
ritonium  Plate  Subjected  to  40  Ksi  For-Field  Loading 


Intensify  Factors  for  o Single  Thru  Crock  Emanating  from  o 
Tolerance  Fastener  Hole  Having  10%  Fastener  Load  Transfer 
-4V  /3A  Titanium  Plate  Subjected  to  40  Ksi  Far-Field  Loading 
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Coused  by  Interference,  Edge  Loading  Fastener  Hole 

and  Unloading 


Alloy  Plates  Subiected  to  18  Ksi  For-FIeid  Looding  am 


NORMALIZED  CRACK  LENGTH,  a/r 

rmolized  Stress  Intensity  Factors  for  Double  Thru  Crocks  Emonoflng  from  Interference- 
Fastener  Holes  in  6AI-4V  Beto  Annealed  Titonium  Plotes  Subjected  to  40  Ksi  For-FIel 
ding  and  Subsequent  Unlooding 
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Interfereoce-Fit  Fojfener  Hoi«s  for  Vorioos  Levels  of  Interference  in  6Ai-4V 
Beto  Annealed  Titoniunti  Plates  Subjected  to  Constont  Amplitude  40  K$i  end 


Figuf*  156  Cfocit  Growth  from  0.0024  Inch  Diometricol  Interference-Fit  Foitener  Hole*  in  2219-T851  Aluminum 
Alio/  Plote*  Subjected  to  Constant  Amplitude  For-Field  Loading  (ff*  18  IC»i  ortd  R * 0,1) 
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Figure  158  Crock  Growth  from  0.0060  Inch  Diometricol  Interference-Fit  Fostener 
Alio/  Plotes  Subjected  to  Constant  Amplitude  For-Field  Loading  (9 
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tdpo  Louding  orvl  Subset,.  ni . odino 
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uminum  Plates  Subiected  to  18  K$i  Far-Field  Loading 


S*Tess  Intensity  Foctors  for  o Single  Thru  Crock  Emunatino  from  Level  1 Cold' 
Worked  Open  Hole  In  2219-T851  Aluminum  Plate  Subjected  to  Uniform 


Nomiolized  Stress  Intensity  Foctors  for  Double  Thru  Crocks  Emanating  from  Cold- Worked  Open  Holes  in 
6AI-4V  Beto  Annealed  Titanium  Plates  Subjected  to  40  Ksi  For-Field  Looding 
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Figure  )69  Stress  Intensity  Foctor  for  o Single  Thro  Crack  EmorKt^Ing  from  level  3 Cold- Worked  Hole 
in  6Ajt-4V  Seta  Annealed  Titanium  Plote  Subjected  to  40  Ksi  Uniform  For-Field  Loading 
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INTENSITY  FACTORS,  K,  KSIvIn 


PARAMETRIC  ANGLE,  P,  DEGREES  (o'c^  I) 

Figure  177  Relationship  Between  Parametric  Angle  P and 
Geometric  Angle  8 
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GEOMETRIC  ANGLE,  6,  DEGREES 


NORV  ALIZED  STRESS  INTENSITY  FACTOR,  K/ff/ira 


angle  from  TH*"  hole  wall,  e,  DEGREES 

Figure  ’ 79  Normalized  Stress  Intensity  Facton  Abr^  the  Periphery  of  o 

Double  Comer  Crack  Emanating  from  on  Open  Hole  {a7v  = 0,75) 
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NORMALIZED  STRESS  INTENSITY  FACTOR,  K/cr/ir5“ 


NORMALIZED 


PARAMETRIC  ANGLE,  fi,  DEGREES 


Figure  183  Comporisons  of  Ihe  Normoilzed  Shreu  Intertiity 
Factors  For  Double  Comer  Crock  Emonoting 
from  on  Open  Hole 
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Figure  1&4  Cocnporitont  of  Eitimoted  Mogntflcetion  Foctofs  for  o Siftgle  Oyoft«r*EHips« 
Comer  Crock  Emonoting  from  on  Open  Hole 


Figurii  t8S  Frocture  Surface  of  Test  Specimen  No.  1 


Figure  186  Clvinge  of  Flow  Shope  on  Frocture  Surfoce  of 
Corner  Crock  Specimen  (Test  No.  1) 
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Figure  187  Correlolion  of  Dofo  and  Prediction  for  o Corner  Crock  Emonoting 
from  on  Open  Hole  in  7050-T73  Aiuminorn  Plote  Subjected  to 
Corutont  Aniplitode  Looding  (Tevt  Specimen  No.  1) 


NO.  OF  CYCLES  X 10  ^ 

Figure  188  C'Wrelafion  of  Data  and  Prediction  for  a Corner  Crack 

Emanating  from  on  Open  Hole  in  7050-T73  Aluminum  Plate 
Subjected  to  Constant  Amplitude  Loading  (Test  Specimen  No.  2) 
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ii't'  i 90  Normalized  Stress  listetisiiv  r<ictorsot  the  Intersection  of  Plate  Surface  and 
the  Border  of  Single  Corner  Crocks  Emanating  from  Interference-Fit  Fostener 
Holes  for  Various  Level'  of  Interference  in  2219- T85I  Aluminum  Plates 
Subjected  to  Constoni  Amplitude  For-Field  loading  (o  c ” 0.75) 
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normalized  crack  lENOTH,  c/r 

Figure  191  Normalized  Stress  Intensity  Factors  at  the  Intersection  of  Plate  Surface  and 
the  Border  of  Sirsgle  Corner  Cracks  Emanating  from  Interference-Fit  Fastener 
Holes  for  Various  Levels  of  Interference  in  6AI-4V  Beta  Annealed  Titanium 
Plates  Subjected  to  Constant  Amplitude  Far-Field  Loading  c » 0.75) 
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NUr>BER  OP  CYCl£S,  N,  (10^) 

Figure  192  Congelation  of  Data  and  Predictions  for  Comer  Cracks  Qnanating  from 

Interference  - Pit  Fastener  Holes  in  2219-'1*^51  Aluminum  Plates  Subjected 
to  Constant  Amplitude  Loading  ( Oq  = 18  KSI  and  R - O.l) 
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PlfCurt)  193  Correlation  of  Dat*  ami  Predictions  for  Comer  Ci'aelts  I4nai»Linx  fro® 
Interference  - Pit  Faatener  Itolea  in  oAl  -4v  Beta  Annealed  Titanium 
Platea  Subjected  to  Constajit  Aciplltude  loadin*;  ( 40  KSl  and  H - 0.1) 


Figure  195. 


^AAG.  = lOOX 


Crack  Surface  of  a Double  Embedded  Crack  at  Open  Hole  In  7075- T651 
Aluminum  Plate  Subjected  to  Constant  Amplitude  Loading  * 15  K si,  R * 0 . 1 ) 
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TABLE  1 - SUMMARY  OF  FATIGUE  AND  CRACK  GRO/.TH  TEST  HOLES  AND  TEST  SPECIMENS 


Best  Available  Copy 
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£ 2 - SU/V.MARY  OF  MA FERIAL  CHARACTERIZATION  AND  FAILURE  CRITERION  TES 


lABlt  J - SUMAIAKV  OF  CONSTANI  AMPLITUDE  FATlGUt  TESTS  ON 
aluminum  specimens  with  - 16  LH  ofHi  K -0.1 


■ 

►t-'  le  C s'rKl«t  iors 

Cold  Work 
level 

Type 

Fnstenet 

Interference 

Inch 

loaid  transfer 

Test 

Hole 

Cycles 
AppI  led 

Remarks 

Tt'st  Hole 
Nuniher 

V 's'en 

- 

None 

- 

*1 

133,840 

ct , c • 0.060" 

A-CAF-l-2 

- 

None 

- 

. 

0 

'2 

148,400 

Fol  1 * 

A-CAF-2-7 

C T ' leront  e 

- 

CT 

'1 

53,?00 

cc , c -0.21" 

Fail  66200 

A-CAF-3-1 

. 

CT 

0 

•2 

80,210 

2cc,  c,  - 0.02"  • 

A-CAF-3-2 

i 

Cj  0.07" 

- 

CT 

0 

*3 

60,;oo 

CC  , c 0 ,&4  A 
c - 0.23  ‘ 66200 

a-CaF-3-3 

- 

C 1 

- 

0.98 

68,570 

Foil*' 

A-CAF-1-1 

i 

. 

CT 

- 

0.97 

'2 

57,450 

2cc , c J - 0 . 20" 

A-CAF-2-1 

c,  - 0.25" 

Inter  Ferenc  e F I* 

TL 

, . 

O.OOJB 

0 

•1 

1,051,070 

Foiled  In  Grip 

A-C  Af  • 4-2 

Tl 

0,003fl 

0 

*2 

3,741,020 

Foiled  In  Grip 

A-CAF-5-2 

- 

n 

0.0038 

1.00 

♦i 

85,240 

Foil  “ 

A-CAF-4-: 

; 't- 

0.0038 

1 .07 

'2 

404,230 

Foil*^ 

A-CAF-5-1 

Cold  Worked 

? 2% 

None 

- 

167,200 

EF 

A-CAF-6-I 

2 2% 

None 

- 

'2 

165,700 

cc,  c - 0.01 

A-CAF-6-2 

2 2‘\. 

None 

- 

*3 

164,400 

Foil  * 

A-CAF-6-3 

2 2% 

CT 

* 

0 

»2 

436,060 

2cc,  c,  - 0.43" 

A-CaF-7-2 

C2  = 0.03" 

2 2% 

CT 

- 

0 

•2 

275,250 

Foil  " 

A-CAF-B-2 

2.2% 

CT 

1.08 

136,630 

Foil** 

A-CAF-7-1 

2.2%  j CT 

1.02 

J 

96,500 

cc,  c =0.13 

A-CAF-8-  1 

cc  - Corner  Crock  CT  - Cloi<  Tolerance  TL  - Toper  Lok 

2cc  - Two  Corner  Crocks  EF  ^ Embedded  Flow 

* - Two  corner  cracks  located  on  tr.e  some  side  of  tbe  Fastener  hole.  When  the  crock  surfoce  was  opened,  o lorye  embedded  flow 
was  found . 

• Started  from  embedded  flow, 

♦ « Storted  from  a corner  crock. 

Crock  originoted  on  the  surface  owoy  From  hole. 
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IA8U  ■»  • SUA1MARY  OF  CONSIANI  AMPlIIUDt  FAnOUt  TESTS  ON 
AA«-4V  BETA  ANNEALED  titanium  SPECIMENS  WITH  a - 40  Ui  onci  R - 0. 1 


■ ‘ ' t 

1 r * . ^ t 

Hol«  . . IvlM 

Fot'ener 

tnierference 

1 Loocj  Tron%fer 

Test 

Cyr.let 

Remorkt 

Test  Hole 

. . - . . i . . 

Inch 

e° 

g“ 

Hole 

Applied 

Number 

1 

Ov#n 

None 

1 

! 

- 

•\ 

76,590 

Foil  ’ 

T-CAF-I 

i - 

Norte 

i 

' 

*2 

93,320 

cc,  c - 0,13" 

T-CAF-2 

CUh#  Tolrtoncei 

CT 

i 

0 

M 

TOC, 200 

1 cc  , c = 0.047" 

T-CAF-3-1 

' - 

C’ 

I 

1 

0 

»2 

83,320 

I'oil 

T-CAF-3-2 

. 

CT 

1 

0 

*3 

80,790 

Foil* 

T-CAF-3-3 

- 

CT 

1.07 

»l 

33,420 

Foil* 

T-CAF-1 

1 i - i CT 

h ■ ^ ■ ' — 1*‘  - ' - 

j lr\r«rf«r«n<Le  FiV  ” TL 

■ 

1.08 

*2 

30.320 

tc , c - 0.026" 

T-CAF-2 

0.0042 

0 

981,790 

Foil  In  Grip 

T-CAF-4-2 

1 • 

TL 

o.oo;? 

0 

»2 

1,014,380 

Foil  ‘ 

T-CAF-5-2 

i 

TL 

0.0042 

1 .08 

»l 

187,310 

Fail 

T-CAF-4-1 

i 

TL 

0.0042 

( .97 

*2 

357,070 

Foil* 

T-CAF-5-1 

CoU  SVorkeJ  ; 1.6% 

Norte 

- 

») 

122,790 

Foil* 

T-C.AF'.*-! 

- 

»2 

133,010 

ec,  c = 0.14" 

T-CAF-6-2 

i 

- 

*3 

226,520 

Foil* 

T-CAF-6-3 

j 1.6% 

CT 

0 

'2 

99,670 

Foil* 

T-CAF-7-2 

t 

{ 

0 

»2 

110,520 

»c,  o=  0.37"^ 

T-CAF-8-2 

; 1.6% 

CT 

- 

1.05 

♦I 

41,960 

=0.5"  ' 

T-CAF-7-1 

1 

0.95 

*l 

36,670 

2tc,  "2 

T-CAF-8-1 

ce  ■ Cornof  Cfock  CT  “ Clot*  Tolerance 


?ec  ^ Two  Corner  Crackt  TL  “ Toper  Lok 

* Sforted  from  corner  crackt.  tc  - Thru  Crock 

• Srorted  from  etrbedded  llav«.  2ic  = T«»o  Thru  Crocks 


Cn 
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TABU  5 - SUMMARY  OF  INITIAL  CRACKS  ( OR  ORIGINS)  OF  ALL 
CONSTANT  AMPLITUDE  FATIGUE  TESTS  ON  BOTH 
ALUMINUM  AND  TITANIUM  SPECIMENS 


HOLE  CONDITION 


CORNER  CRACK 

EMBEDDED 

OTHERS 

SINGLE 

DOUBLE 

FLAW 

(o)  2219-T851  ALUMINUM 


Open 

Close  Toleronce 
Interference  Fit 
Cold  Worked 


Open 

Close  Tolerance 
Interference  Fit 
Cold  Worked 


* Crack  originated  on  the  surface  away 


TABLE  6 - SUATMARY  OF  SPECTRUM  FATIGUE  TESTS  ON  Tlbl 
ALUMINUM  SPECIMENS 

(o)  BOMBTR  SPIC  TRIIM  ‘ 




“ — ■■ — 



HOU 

CONOinON 

FASTENER  LOAD 
TRANSFER,  (t,  i. 

NO.  C'F 
FLIGHTS 
APPI  II.D 

REMARKS 

ILSI  IIOI 1 
NIIKMTI  R 

NA 

Foil  1 

AllSf-  1 • : 

_ 

lltSO 

?rc,  c,  • ~ I’.IIS" 

A-RST-.’ 

l<.A.T 

Foil  * 

A-BSI-I  '1 

C !»•»%?»•- 

1 .0 

IOaO 

Cl,  1 0.  IS" 

A-  RSf-A 

To  l«*roiu.o 

1.  K' 

1 j/;t 

foil  * 

A-DST-.'  *1 

1 .0? 

1 2V,S 

Foil  * 

A-HST-'> 

Inip'f  o-  M» 

I.OI 

I’AH.S 
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(o.ai.tH") 

1 ill 
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.VS.I 

. 

foil  * 

AIM-)  - 1 

O/-'! 

;>s  , o •'  0. 1 " ,s  0. 1;."  •• 

A IM-;  M 

lnforfo»t*ni  o ' f i » 

1 o.i 

1 ;i;’/ 

1 »ji  1 • * 

» 

A-IM  o 

Al.lSl.iP’  ) 

1 I'.t 

i.iii  '• 

A-l  M - A 

l'.il,|.W..|i.i.,l 

1.01 

.11 ' 

foil  • 

■\-l  SI  - IS 

I.'..’"..) 

l.l’O 

. 

o-l 

0 l.>" 

A-IM  : 

■ • V.  OlflOl  f»u  k 

♦ • • 1 VM'  V t»|  riiM  ( UU  k N 

' . 1 hi  i<  < 1 ii.  k 

.’i.  lv\.>  Ihn 

< 1 1 1 1 1 (.  •. 

Best  Available  Copy 
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TABU'  7 - SUMMARY  OF  INITIAL  CRACKS  (OR  ORIGINS)  OF  ALL 
SPECTRUM  FATIGUE  TESTS  ON  22I9-T851  ALUMINUM 
SPECIMENS 


HOLE  CONDITION 


Open 

Close  Tolerance 
Inferference  FI( 
Cold  \M)rkod 


CORNER  CRACK 


SINGLE  DOUBLE 
(a)  BOMBER  SPECTRUM 

I I 1 


EMBEDDED 

FLAW 


OTHERS  TOTAL 


Open 

Close  Tolerance 

Interference  Fit 

Cold  Worked 

Total 

(h)  FIGHTER  SPECTRUM 


TABU  H MIA^MARY  OF  SPfCrRtJM  FATFOUI'  USTS  ON  AAI-4V  BHA 
ANNlALfP  TITANIUM  SPI’CIMTNS 

(tO  BOMBCR  SrrCTRUM 


IKHI 

(.  ONOIIK'N 

tASHNlR  U'AP 
IKANSMR, 

NO,  OP 

rucitis 

APClItO 

RI.A\AI«KS 

ttST  IIOLi; 
NUMBLR 

NA 

\rr/ 

'.'1  A) 

C.C.,  t -0,0V2" 

Pnll 

I-BSP-I  '2 

1-B5F-2  '2 

1 ,00 

\?Ai\ 

4,  c , , c ~ 0, 1 46" 

T-B5P-I  'I 

1 .00 

l?/’2 

3c  , c . , t j ■'  c - c ^ 0.02" 

T-BSF-3 

C L'se- 

1 .00 

1 .w/ 

Foil  * 

T-BSF-2  '1 

Iv'leutMv  e 

1.0 

i.s;v> 

Foil  M 

T-BSF-5 

1 .0 

ii/;i 

cc  . , c - 0.036" 

T-BSF-6 

1 .0 

i.S42 

Foil  ** 

T-BSF-4 

l»> lei  Jeretn  e- F i r 

1 00 

.S'lo; 

Poll  > 

1-B5P-7 

I.IXI 

;ivA4 

<1 , C-  O.O?;." 

T-BSF-fl 

l.  olvl- 

1.00 

1!)0/ 

Poll  M 

T- BSP- IX 

(1.6'V) 

I.CX1 

1214 

2(:c.  - 0,02V',  - 0.051" 

1-BSF-2X 

(l>)  FIOHTtR  SPECTRUM 


MOU 

CONOIIION 

PASILNtR  lOAD 
TRANSFER,  n,  o 

NO.  OP 
FIICMTS 
APPLIED 

REMARKS 

TEST  hole 
NUMBER 

Of>er> 

No»>e 

8A7 

701 

Fail  " 

cc,  r - 0,  10" 

T-PSF-2  '2 

T-FSP-I  »2 

C lose- 

1.00 

526 

Foil  * 

T-FSP-2  *1 

Tolerance 

1.00 

701 

2rc,  oj  =■  0.4",  112  “ 0,5"  * 

T-PSF-1  '1 

tnr  jrferer>ce-Fir 

1.00 

2056 

Fai\ 

T-FSF-3 

(0.0042") 

1.00 

714 

Foil 

T-FSF-4 

Coltl- Workeil 

1.00 

313 

cc,  c - 0.033" 

T-FSF-IX 

(l.6‘\.) 

1.00 

466 

Foil  • 

T-FSr-2X 

1 1.  - Corner  Crot  k 
fc  - Through  Crovk 
* Sfcirreil  Fnwn  embeil<le<l 
r Suirfed  Front  rurner  track 

S^orfetl  from  tIouFtle  corner  crock 


2i  c.  Two  Corner  Crocks 

3c c - Three  Corner  Crocks  (iwo  loco^etl  o?r  Ihe  some  slJe  of  lire 
fostener  hole) 


Best  Available  Copy 
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TABLE  9 - SUMMARY  OF  INITIAL  CRACKS  (OR  ORIGINS)  OF  ALL 
SPECTRUM  FATIGUE  TESTS  ON  6Ai-4V  BETA  ANNEALED 
TITANIUM  SPECIMENS 


HOLE  CONDITION 

CORNER  CRACK 

EMBEDDED 

OTHERS 

TOTAL 

SINGLE 

DOUBLE 

FLAW 

(a)  BOMBER  SPECTRUM 

Open 

— 

2 

0 

0 

0 

2 

Close  Tolerance 

2 

3 

1 

0 

6 

Interference  Fit 

2 

0 

0 

0 

2 

Cold  Worked 

0 

2 

0 

0 

2 

Totol 

6 

5 

) 

0 

12 

(b)  FIGHTER  SPECTRUM 

Open 

1 

1 

0 

0 ^ 

2 

Close  Tolerance 

0 

0 

2 

0 

2 

Interference  Fit 

0 

2 

0 

0 

2 

Cold  Worked 

2 

0 

0 

0 

2 

Total 

3 

- ' 

3 

2 

0 

8 
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lAlU  »0  - SliMA^A^Y  OF  C«ACK  GtOWTM  or  PAtT'THtUCUACKS  FROM  f ASrtNfK 
HOIE  rests  FOR  ?7i9-ra.S)  AL^tf^tNlM  ALIOV  flAftS  SUBACTEt)  fO 
CONSlANt  AMPllTUO!  lOADING 


CRACK 

SPECIAAN 

UST 

HOlt 

FASTENER 

FLAW  SIZES.  IN. 

tf 

moh 

NO.  OF 

REMARKS 

RAW  DATA 

GtOMEIRY 

NO. 

NO. 

CONOniON 

TYPE 

LOADED 

iNItlAL 

FINAL 

R - *0.1 

APPLIED 

TABLE  NO. 

1 

CT 

V#» 

0.004 

0. 168 

54,500 

(11 

A-CA‘I 

3 

R«am«J 

Cl 

Non# 

0.(XI3 

0.  IV9 

IB 

94,500 

1 

3 

Noi>« 

No(M 

0.003 

0.1/6 

94,500 

1 

CT 

Y#» 

0.003 

0.17V 

44,000 

m 

A-CA-2 

3 

Rsamod 

CT 

Non# 

0.003 

0.172 

18 

79,  500 

2 

3 

Noii« 

Non# 

0.004 

0.255 

79,  5L10 

1 

II  '3 

Y#i 

0. 048 

0.16B 

94,000 

A-CA-3 

i 

M«i*n  >d 

u 't 

Non# 

0.038 

0.168 

18 

38,000 

3 

3 

Tl  '2 

Non# 

0. 05(> 

0.280 

94,000 

1 

II  >2 

Y#i 

0.037 

0. 168 

54,000 

A<A-4 

7 

K«oni«d 

TL  '1 

Non# 

0.075 

0. 054 

18 

79,900 

4 

3 

TL  '2 

Non# 

0.043 

0.05H 

79,  900 

1 

II  '3 

Non# 

0.054 

0. 168 

230, tXXl 

111 

— 

A<A-5 

7 

CW  <3 

None 

Non# 

0.054 

0.05V 

18 

3/0,  IXXI 

5 

3 

CW  *1 

Non# 

Non# 

0.055 

0.105 

370,000 

I 

K«om«d 

IL  '3 

Non# 

0.055 

0.1/5 

140,000 

(!' 

A.CA-<i 

7 

CW  '3 

Non# 

Non# 

0.054 

0.055 

18 

190,  (XX) 

t> 

3 

CW  <1 

Non# 

Non# 

0.05? 

0.0/5 

19l\00l1 

CW  *1 

CT 

V#» 

0.04/ 

0.165 

w.ooo 

(I'.iri 

A-CA.; 

2 

CW  >1 

CT 

Non# 

0.048 

0.060 

18 

2/0,  (XXI 

7 

3 

CW  r? 

Non# 

Non# 

0.045 

0.  IU5 

2/0,  CXH> 

CW  *1 

CT 

Y#» 

0.040 

0.15? 

515,000 

12' 

A-CA-8 

7 

CW  <1 

CT 

Non# 

0.05A 

0. 120 

18 

515,000 

8 

3 

CW  >2 

Non# 

Non# 

0.039 

0.067 

515, 000 

TL  '2 

Non# 

0.056 

0.151 

95.310 

A-PO  -3 

2 

R«<Mn«d 

IL  '2 

Non# 

0.054 

0.183 

18 

28,000 

in 

9 

3 

TL  '3 

Non# 

0.043 

0. 205 

95,310 

CW  '7 

Non# 

Non# 

0,059 

0.430 

3.50, 000 

(2' 

A<A-U 

7 

CW  »3 

Non# 

Non# 

0.046 

0.062 

18 

367, 200 

10 

(I)  C«ock  at  thit  fair  hole  wai  Intantienolly  f«tOfd«d  aft«r  oppticailon  of  nunthvi  of  cyclot  iKowtt. 
(7)  Spaciman  FallW  through  thli  fair  Sol*. 

(7l  Numbart  followirtg  ir^dicot*  lfv*l  of  cold  work  or  mtBit'oronce.  (Tabl«»  14  oih)  15) 
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Ulit  11  ■ ^UM^\ARV  Of  V RACK  OROWlH  Of  IMRI^  (.lAC  K%  fROM  f A^tlNIR  .fOU  ft  MS 
f(>t  7;i>f-IU1  AU1A1INUM  AlUn  riAUS  SUMCflO  1s'>CONSrANt  AMri(lU>l 
lOAniNO 


CRACK 

srtciK^N 

UM 

MOll 

f ASTtNIR 

FIASV  sms,  IN. 

(1 

niAtii 

KSI 

R - *0.1 

NO.  Of 

RAW  DATA 

OlOWITRY 

NO. 

NO. 

CONDITION 

Tvrt 

lOAlHO 

INIT  lAl 

MNAl 

APPlIl  0 

lARU  NO. 

1 

CT 

Y«» 

O.OOAI 

0.6A.V 

3.400 

A-CA-V 

cr 

NaW* 

O.OOHU 

0.6644 

20 

3.41X) 

11 

Naww 

tsk.n. 

0.0067 

0.3130 

3, 41X) 

1 

U 

Y«t 

O.OO.M 

0.HU7 

6.AX) 

A-CA-10 

2 

c\ 

Nk>n« 

0.007V 

0,.S37V 

24 

O.OLXT 

i; 

3 

NsMI# 

N.V1* 

o.oovo 

0.6370 

6.1XX> 

1 

n 

Y»t 

A-cA-n 

2 

R«\vn*d 

n '1 

13) 

J 

......  ... 

II  *7 

Ncma* 

1 

Tl  *7 

v*» 

0.004 

O.lV.S 

2.S5,lXX) 

ACA-IJ 

: 

R«oni*il 

u *\ 

NaV>* 

o.oo.s 

O.OOV 

10 

2.'.VIXXT 

13 

tl  *7 

Nk'rt* 

0.004 

O.OlV 

755.  (XXT 

1 

R«<wn«tl 

TL  '3 

N.vw 

O.txio 

0.6.S0 

W.iXXT 

ID 

A-CA«U\ 

Cw  <1 

NvVM 

O.lXVS 

0.AS4 

10 

1 

ID.  (i) 

14 

,1 

I W <.l 

Nt'»« 

H.'in* 

O.lHVft 

o.ixi; 

hV.iUT 

I 

R«<*n«i( 

U '3 

N«VA« 

0.004 

O.OId 

“2.610 

A'CAMR 

1 

cw  <\ 

NKu>« 

Nfni* 

0.1XT3 

0.1. S7 

10 

/6.6lX' 

ID,  a) 

1.S 



CSV 

Na'*M* 

Ni»a« 

O.lXKS 

0,SX>A 

V2.6IO 

1 

R««*»1*aI 

U 'J 

NaW# 

0.034 

0.71.1 

lO.lXXl 

ID 

■■ 

A-CA-I3 

cw  '1 

0.0.S7 

0.160 

10 

ID 

16 

cw  M 

N<v>* 

0.067 

0.073 

OO.IXX' 

i 

U 

N<yt« 

O.OlVS 

0,677 

7.1XX) 

L__ 

A-CA-16 

: 

R«<vn«tl 

II 

N<yw 

0.0.Vk 

0.400 

21 

7.  IXV 

1 : 

i 

n M 

No«w 

0.0?6 

0.454 

1 

R«an»Af 

Tl  M 

N<v»* 

0.103 

0..S7? 

1 1 .StVl 

ID 

A-CA-i; 

; 

cw  *1 

No(>« 

Na'O# 

0.1. s.s 

0..S63 

10 

ll.SXl 

ID 

10 

J 

cw  *J 

NaV^# 

Nv»»»* 

0.149 

0,151 

46,. yX) 

i 

R«oni«Kl 

u '.1 

N«>*»« 

0.104 

0..S36 

10..VX1 

(D,  (?) 

A-CA-18 

: 

CSV  '1 

Navi« 

Ncah* 

0.146 

0.540 

10 

21.000 

ID 

IV 

3 

CSV  'J 

N<'<»« 

N»'r»* 

0.144 

0.150 

56.CXX' 

1 

cw  '1 

CT 

Y*t 

0.057 

0.77? 

0..W 

(D,  ^7) 

A-CA-IV 

7 

s:w 

ct 

Non* 

0.050 

o.iv? 

10 

t7.lXXT 

(D 

M 

3 

cw  '3 

Ncmhi 

N.v>* 

0.0.S6 

0.063 

37.  AV 

1 

CW  '1 

CT 

Y#t 

0.041 

0,?.X' 

11,000 

(D 

A-CA-M 

: 

cw  '1 

Nc'n* 

0.041 

0.70.N 

10 

14.CXX1 

(D 

21 

j 

CW  >7 

N»vw 

Non* 

0.073 

0.077 

7i.:\X) 

' 

CSV  *1 

CT 

Y*t 

O.l.Vs 

O.Ml 

t3.SV 

(D 

A-CA-:t 

7 

CW  '1 

CT 

Ntvt* 

0.157 

O.SVI 

10 

lO.AXT 

(D 

22 

L, 

..  . 



CW  •7 

N\vi# 

Na'O* 

0.1  ?.S 

0.146 

.53.  .VV 
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II  v>»  cvAiA  otowiM  rii>MrAMtNii  ikui  rtvt) 

AlUMINUAf  4UO>  ^ A Tt  \ M»l  Rl' If  M tiU'i'NMANl  AAlftltl^H 

U'AOlNv*  k 


? f 

^ A 1 \fti  >ARN  I 

i Nv\ 


M\y 

*KHf 

NwV 

\ 


Hint 

i ONOHK'N 


i 1 


u'Aoin 

N*» 


ttA\V  M.Hs.  IN. 

hnai 


tNIIIAl 

O.iWJ 


0 . > *v 


kM 

I • *0. 


Ni'.  i*»  i 
1 Vi  Its  jitkViKkS 

i AKI'lltl*  I 
1 I 

j IK.AV  , (I) 


IM  C. 

i«)  S^i«*  >kit  •««!  S««l# 

\ .M  t .|.  '«.l  If « •<»  * |••««•^*  r#*vl'»  ^ ii»  'H*  k'%»  .’f  *r*\ 

|4l  "f  ' tpsiiko'v  I**#!  .•>  k .ikl  MkHi  kki  Mkf«if  •!«>•«  « itkitO»»  1 4 .«».•  I 


IIAii  t>AlA  I 
IN  S in  H ! 
lAIlt  Ni> 


: A-iA-j 

; V sv  * 1 

!c, 

Nkii«« 

16 

16  iVV 

1"  i 

;.i 

' 

J ' i SX  •? 

1 NkKM 

hkiiM 

D.l6tl 

0 . SH* 

.VS  iVU  1 

1 

N.<4M 

i'.OIl 

0,1  M 

464. AV  ! 

111 

A-fv'-* 

; ti 

Nki>»« 

O.iKV* 

O.ixift 

16 

s24,sxv  ; 

•4 

.1 

U M 

NkUM 

OaV» 

o.oo: 

S.M.iXV  j 

; 

• 

1 

: u 

Nkkft* 

_ 

0. 1 10 

0.641 

' 

16 

WAV  ; 

ID 

A 

R«k«A«kl 

U M 

N.km 

0 IWJ 

o.yss 

66.s\V'  , 

1 

• 

t««*«k*kl 

NkMi# 

Nkvw 

0.AN6 

0.41V 

16 

• 

A V A-;\ 

' 

•* 

; ^ 

NkWi# 

O.tW 

0 . .'V » 

1 

: 

.'6 

A V A .k 

1 K«k>*'*«l 

i I 

N*t 

' 

0.i\N4 

0..14S 

16 

4.I.SVV 

■ 

• 

ii  '1 

N.vk« 

0 01 1 

O..WI 

16 

• 

'k‘,AV 

111 

A s A*4A 

U '1 

Nk»»# 

0.01.1 

0.061 

Ks,6v' 

;6 

• 

1 i ss 

1 NktM 

NkXi* 

0,1. w 

0.S41 

16 

6'.6iV 

i:i  ’ 

A i A-SX 

1 

: i NS  *.« 

Ns'<»* 

I 

NkWk* 

s'.  141 

O.l.M 

6'.sVV  } 

;v 

1 1 

1 

1 

.1 

1 ! 

t 

i H '1 

. . - 

NkVi* 

0.s\s> 

- 

0.6S.1 

- 

i 

64,  sW 

111.  i.’i  ! 

A i A kiX 

t*k»^«si 

! u ».• 

Ni»'** 

O.s'.V 

0..'\x 

16 

k**6,.s.V 

A' 

1 

.1  : 

ti 

Nk*»»« 

O.OSA 

o.iv 

66.  V 

t ' ■ 

1 II  'I 

Ns«'i* 

r • 

0.U4 

0.6V  • 

.'.'.vW 

111.  i.'i 

A i A 'X 

; K*k«.k,,i 

u '; 

N.vk« 

O.uv 

0 kVV 

16 

*'6.4V 

0» 

; 1 

.1  • 

. 1 . . 

1 H '.1 
i 

Ns'i'* 

0 14* 

0..VM 

;6.4.\,' 

, . . 1 

i 

l'  >^l»  ’•«*  kVkM 

Mk>«ik*ikk>t«il  Is  of 

lks«nt>*l  .»•  s 

s s l#t 
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* » X *1  » * •»%!  u hl»i'  » lA*  fc  \ 'W  I AMI  Ml  » m 'll 

AiU  4\  KIA  A^MAlkii  titANK’AI  AU*'^  ftAIIS  ^tl>  U' 

% x'S>»AN»  AAiriUmi  lMAl'iKi» 
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1 A 
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s,.... 
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■ 1 ».A  1 

u *' 
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iVOV 

0.1  IV  A’ 

4l.kX»k’ 

.V4 

1»  •: 

Kk^k* 

f.v'.'* 

0.1.** 

'!>  1 , '0 

* 

tl  '■• 

*«  #1 

0. «.' V 

o.;m 

•'.  .vv 

. * ^ * 

tl  *1 

SkV.# 

l'.  k'4V 

0.  1 '(•  A' 

'^.^xv 

,l^ 

u '•■ 

Nk^k# 

l\  l'N4 

O.IVH 

M.iVV 

ll' 

tl  ',t 

\#« 

! o.ivx' 

0.  IN' 

.VJ.  1 V 

■ 1 A A ^ 

tl  *t 

o.i'.l' 

0.01*  A' 

.w,  1 ro 

.V' 

1 A • ; 

Sk%i*« 

0. 1'A' 

o.;;ii 

U. 

1 ... 

4 #»■»•.< 

!l  '» 

S»* 
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O.iWs 

A'.  44k' 

* v A ^ .* 

4 »<■*»*■* 
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N*Vk< 

0.0'H 

0.  WA  A' 
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y 
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Nk^'* 
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»H.  iW 
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vl 
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v1 
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1 
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O.OV' 
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‘ 

\ * 1 
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K 

Nk'^rt* 

0. 0 V' 

k * ''' 

U.AS' 

* 

, •**  ^•W  «•■  • '*«»***«wMi  rv*tf>x*#x'  «l|vl’»*^****^  o*  »*»!#* 

< S'  >««»  S'l«. 

l.ll  t ^ ' •'*•••  «t**  l#««l  ^ *M  m*#**#*^*,  # 1 4 «»»»♦  I ')  . 
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um  M ' OtOWlM  tV  TM«U  C«ACkN  HOM  r ASieiSH  IHvMJ  ItSI^ 

&AJ-4N'  ttlA  ANNt  Alll'  UUNIUM  AUO>  riAllS  iHUtCttn  lO  i ONS\AN\ 
A^rUUKH  lOAOINO 


CIAVK 

NflCIAttN 

NO. 

MOU 

N\>. 

MOll 

CONOI!ION 

rA 

TINIR 

lOAotn 

MAW  m; 

INITlAl 

n.  IN. 

MNAl 

ff 

mti* 

KM 

R - tO,  1 

NO.  Of 

c atiis 
Am  IIP 

Rt  AlARl  3 

RAW  04)  A 

IN  VOl  II 
TARlt  NO 

1 

Cl 

Y*i 

O.IXW 

O.A?/ 

I3.MX1 

1 -CA-V 

• 

ct 

Na«<%* 

oax'i 

0.  WV 

40 

i;,  Mxi 

40 

i 

NMt« 

. . 

Noit* 

o.ou 

0.N43 

u,AOo 



i 

Cl 

Y*t 

OAVJ 

0.  44  * 

ll.iXV 

T-CA-IO 

> 

CT 

No««* 

Oaxui 

0..\»A 

40 

l.\WX' 

41 

,\ 

Nohv* 

Niw* 

O.OAT 

0.431 

IXX' 

\ 

Tl 

Y*i 

o.on 

0.  34A 

1.3*.  V.X' 

(11,  (.11 

l-CA-n 

i 

U '1 

No*** 

oax^ 

0.007 

40 

1 ro,  XX' 

47 

i 

U 'I 

No**« 

O.iXM 

O.IXV 

I X'.  vx> 

I 

U *2 

Y*t 

oaMi 

O.OIMI 

70,  .MO 

(.« 

1-CA-t: 

Tl  'l 

Na*<** 

0.011 

0.011 

40 

X',  .MO 

4.1 

j 

tl  M 

Ntv%« 

oaTio 

0,010 

X',  .MO 

' 

Cw  <1 

CT 

Y** 

O.WJ 

0.  IH6 

7,0  0 

Ill 

KA-IJ 

7 

CW  *1 

Cl 

N.h** 

0 

0.711 

40 

1.’,  vv 

44 

— 

c»  <1 

Non* 

Not** 

oaxw 

0.  IMI 

i;,  .vxi 

1 

cw  *1 

Cl 

Y*i 

Oaxu 

0.  .X'> 

MV 

III 

\<A-\A 

1 

cw  *1 

Cl 

N\tn« 

oaM.1 

O..Na 

40 

1 3.  AX' 

A' 

J 

CW  'l 

CW  '1 

Nt>«« 

Cl 

N**ii* 

oaxTA 

0.  CM 

1 J.  .HX' 

Y*< 

o.o.v 

0. 

4.  MXl 

(11 

KA-IS 

2 

cw  *1 

CT 

N**n* 

oaV4 

0. 1 :m 

411 

4,  VV 

Y,  AXl 

t" 

4A 

cw  *t 

Oa'Ii 

0. 1X1 

NcWi* 

N\W3* 

1 

CW  *1 

CT 

Ym 

o.oy 

o.:i« 

4,  VX1 

t-CA-I<* 

CW  »| 

CT 

N*v** 

OaxV' 

0.  177 

40 

4,  MX' 

a 

CW  *1 

O.Off 

0.1  «• 

4.  MX' 

1 

CW  »l 

Cl 

V*t 

0.  i/n 

O.YW 

n , AX' 

r<A-i.* 

2 

cw  »l 

CT 

Non* 

0. 1 w 

o..37y 

40 

)I,  av 

4* 

i... 

cw  *1 

Non* 

No*** 

0.  ia: 

0.  74'» 

1 1 , AX' 

1 

CW  *1 

CT 

Y*i 

0.  177 

o.Ax; 

Y.  .XX' 

1-CA-I8 

•» 

cw  *1 

CT 

No*** 

oax' 

0.  373 

40 

Y,  .XX' 

4Y 

J 

cw 

Non* 

N^vi* 

0.  T.M« 

0.30a 

Y,  .XXI 

1 

R»JwoJ 

11  *3 

N**i»* 

0,049 

0.  171 

.•  >,  300 

(11 

■ 

T-CA-tV 

2 

U >} 

No*** 

0.010 

0.  1 *7 

40 

.w,  IXX' 

.Ml 

i 

cw  »J 

N««t« 

Non* 

0. 040 

0.  1 7a 

\ XX' 

(11 

j 

1 

CW  *3 

Non* 

Non* 

0.071 

O.TlW 

3.  MX' 

(11 

1 

I<A-» 

■% 

CW  »3 

Non* 

Non* 

0.(W 

0, 171 

4tl 

3,  MX' 

(11 

31 

3 

CW  tj 

Non* 

N*w* 

oavo 

0. 173 

10,  IXX' 

1 

imamtl 

U ^l 

N*«** 

0.  IMT 

0.A31 

71,  AX' 

t<a-;i 

HsnmtJ 

II  '3 

Non* 

0.  ii; 

0.4W 

4l> 

2I,.XX> 

37 

3 

CW  *1 

Niv^a 

Noi>« 

0.  W3 

O-TlV 

71,  AX' 

CW  »3 

Non* 

Non* 

0.174 

0.5(W 

IMXX' 

T<A-2J 

2 

CW  »3 

Non* 

Non* 

0.130 

O..My 

40 

14.01X1 

33 

..J... 

CW  »J 

Non* 

No.  • 

0.1. 3j 

0.400 

10,  300 

(11 

Best  Available  Copy 
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UM  U'  Of  CRACK  OiOVVTM  C'f  TH»U  CRACKS  rtOM  fASriNt*  MOlt  flSTS 

fott  AAr4V  IfU  ANNIAl»D  TifANHIAl  AHOY  PLA?(S  SUIJeOtO  (O  CONSTANV 
AMfinUOt  lOAOINC*!  (Coi^r.nw*>i) 


i C«*tK 

V — -1 

I TIS! 

MOll 

MSTINIR 

HAW  Sira.  fN, 

P 

md% 

KSI 

R * K)  1 

NO.  Of 
CYCUS 
APP1550 

reasarks 

«AW  OAIA 

IN  VOl.  11 
lAIK  NO. 

1 

NO, 

NO. 

CONOIflON 

TYPt 

lOAptO 

INIIIAl 

fINAl* 

. 

CW  •] 

CW  •} 

0.034 

0.015 

0. 170 

0.1A5 

ia.900 

S,  500 

T-S-J 

Non* 

^ 

Non# 

40 

(1! 

54 

. . 

. . - ..  . 

t-CA-1^ 

I 

R«om*4 

II  'I 

Non# 

0.013 

0.035 

40 

13,700 

55 

2 

U M 

No«>« 

O.OM 

0.352 

13,700 

L .... 

— 

I ) 

2 

Roomod 

n 'j 

II  >2 

No««# 

Non# 



r ^ 

o.oiv 

0.017 

0.390 

0.342 

40 

29,500 

.32.500 

55 

iM  Crock  ot  iKU  f*tt  Kol«  lnt»f>tionuMv  tt<orvi•^^  appMcoHon  of  nonibot  of  cvcl*i  %ho««n. 
(2^  Spocimoo  failod  (hio^^K  ^hii  roir  Kolt. 

(3^  Spocimon  foilod  In  rh«  grip. 

(4)  Nuvnbtn  foltowing  indicoto  Uvol  of  coM  wofk  or  intorforonc*  (Tobiot  M «v>d  15). 
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.••BLE  U - DiMErJSIONS  DUPING  COLD- /-fOPirif.G  CPE^ATiOf 


2f» 


TABLE  15  - DIMENSIONS  OF  INTERFERENCE-FIT  FASTENER  HOLES 


UKI  l«  s<*  Itv  k rui- tlllll  I »t  lit <4)11  X.  >11 

l|\l)  •v't  lul  *kU4UNllM  Alll))  PtAtIV  «()  lv>  K)M*I 

)P|C1«l>M  U'AOINO 


vt>W« 


\rtvM«s  ‘ HvHi  . 

N^V  Vi'NintK'N  <. 


V 4 


4^>4 


)CI  ^*1 
j C 1 N«n« 

I K««»#  1 Nai«« 

' u >•« 

ll  *1  : Nm 
ll  Nvx 

• - t 

ll  •:  v.i 

• Tl  *1  Nan* 

. U *i  i Non. 

“* p - - 

Cl 

. Ni>a«  : Ni»a« 


o.o.vto 




. > > 

; Non*  O.IM.’O 
k«  ; Non#  ; 0.0616 


; ll  Non# 


i H 'J  } 

T "h 

‘Ct 


Non#  Non# 


i t 

' _ ! 

1 I ■■  I r 


• 

k\.  IN. 

NO.  Ol 

SHi  UKAl 

MICMl) 

IIWU..5 

PiNAl 

*pri«i> 

! 

• I 

...  , 

1,  110 

1,'X! 

i 

0. 1)»4 

1,  IX> 

1 

» ' 

- - . . , 1 

— • 

0.  I«J» 

Jt2 

Ot,  /i 

0.(N*J 

Mn6#« 

0.  int 

^ .. 

_H6) 

0.»J' 

i.aoi 

: 

0. 2*:: 

la*>l>*i 

MCI 

0.211.' 

l,K)) 

1 

0. 24  w 

VN 

t 

O’.  <21  , 

0.  ift:6 

1.  3S0 

) i 

0.3^42  i 1,220 

■ ■'  '| 

o.2or? 

1 

kwnbor 

U220 

1 

0.0M» 

3,  .V2 

(3t  j 

a.o«i> 

lofobot 

3,50? 

0.09^ 

3,30/ 

O.nui 

l,/»l 

I 

1 

0.2016 

lookbo* 

1,/ai 

(21 

0.4424 

?,»«/ 

i 

o.:3/4 

B<onb#r 



1 



IN‘.Ol  II  ' 
lAflt  NU  I 


(M  C*mk 
|7>  V**U 
tH  WmIp 
|4)  Hsmkt 


0»  »M«  •#•*  K#l#  W«0  lw»»n»low#l1v  «###t'^#irf  #!•«(  opipilcotior  #1  n%«nb#«  ol  »>«(»«>**. 

■on  MiOil  P^4«  Pmt  Kol«* 

»m  IWIW  In  ftko 

w%  InJU  jN  {•■•I  ol  coU  MOfl  ov  Infor^oronio  (T4blo«  U oi^  15K 


^Opy 
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Um  1^-  SUMMAIY  Of  CIACK  OROWIH  Of  1M<U  CHAfKS  fROM  I ASItNtR  HOU  US!S 
H)«  AlUMINUM  AUOY  PI  All  b SUSJtCUCi  ?0  ROMM  R SPlCfRUM 

lOAOINO 


CRACK 
Olv^Ail  TRY 


SPtCIMlN 

TkM 

HOU 

fASTlNlR 

riAw  si/ib,  IN, 

Nf).  <.)f 

RAW  OAIA 

Nl> 

•toil 

CONniMON 

.. 

• • - 

5nc.  ritiyM 

a lours 

Rl/AAHKS 

IN  VOl  . II 

NO. 

TYPl 

lOADlD 

INITIAI 

riNAi 

Al’I’l  11  D 

TARlf  NO. 

. 

CT 

Y*» 

O.OIOI 

0.5130 

305 

(1) 

A-IS-H 

? 

R«m*Af 

CT 

NcMI* 

0.0090 

0.5477 

BnnTli*! 

537 

65 

3 

Ntiof 

Nona 

0.0134 

0.4659 

537 

1 

Tl  >7 

y*i 

0.0045 

i.0403 

?,;)05 

A-RS-V 

7 

Roomoti 

Tl  *1 

Non* 

0.0045 

0.4659 

Bnmbar 

1,040 

(1),  (?) 

66 

3 

Tl  *\ 

Non* 

0.0045 

0,0370 

7,505 

I 

II  '3 

Y*i 

0.0077 

0.007? 

7,400 

(?) 

A-8S-)0 

2 

R«unt««f 

H'? 

Non* 

0.0056 

0.0090 

Bn*nb*r 

7.400 

67 

3 

It '7 

Nona 

0.0045 

0.0045 

7,400 

1 

CW  *1 

cr 

Y#i 

0.0045 

0.7755 

TOO 

(I).  (?) 

A-RS-n 

2 

CW  »l 

CT 

Nona 

0.0067 

0.7077 

8on>(>*r 

1,764 

60 

3 

CW  <1 

NofM 

Nona 

0.0034 

0.1814 

1,764 

1 

CW  *1 

Cl 

Y*i 

0.053! 

0.3651 

44? 

A-K-I2 

7 

CW  *1 

CT 

Non* 

0.0593 

0.776? 

Bnmhar 

44? 

69 

J 

CW  '1 

Noito 

Nivi* 

0.0543 

0.7307 

44? 

1 

( W *1 

1 1 

Vat 

rt.iHiw 

0.7464 

M)t 

ID 

A-M-U 

7 

CW  '1 

Cl 

N<Mfa 

0.0077 

0.7IIM 

Aivnbaf 

707 

70 

3 

CW  <1 

Nooa 

Non* 

0.0034 

0.7374 

707 

1 

CW  '1 

CT 

Yai 

0.0513 

0,3506 

440 

A-BVU 

7 

CW  »l 

CT 

Non* 

0.0617 

0.3170 

8nmb*r 

440 

71 

3 

CW  <1 

Non# 

Non# 

0.0345 

0,7705 

440 

1 

CW  '1 

CT 

Yn* 

0.1776 

0.656.’ 

36B 

A-M-15 

7 

CW  «l 

ct 

Non* 

0.15V5 

0.4647 

BimUac 

36H 

7? 

3 

CW  '1 

Nt»n« 

Non* 

0.1496 

0.4499 

360 

1 

R«fVn«d 

Tl  '3 

Nnn* 

0.0336 

0.0874 

1,840 

A-Bb-:* 

j 

TL 

Not\« 

0.03BI 

0.7834 

8on»l>ar 

1,040 

73 

3 

CW  '3 

Non* 

Nc-n* 

0.0493 

0.7767 

917 

(1),  (?) 

1 

1 

R#«w*<k< 

ri  '3 

Non* 

0.0440 

0,0784 

7.170 

A-i\-ir 

J 

R«am»^l 

TL  M 

Nona 

0.0746 

0.0746 

Bcnibai 

7,170 

74 

3 

CW 

Non* 

KKma 

0.0616 

0.4458 

7,073 

(D,  (?) 

I 

CW  »3 

Non* 

Nona 

0.1370 

0.7310 

1,140 

A-B'>-I0 

7 

CW'3 

Non* 

Nc>n* 

0.1470 

0.7790 

Bnmbar 

1 ,140 

75 

3 

< W 'J 

Non* 

Non* 

0.1400 

0,3990 

711V 

(D,  (?) 

A-BS‘7X 

! 

Roomotl 

U'7 

Y*i 

0.0377 

0,3.506 

|K*nb*r 

t,J07 

76 

A-BSOX 

1 

R#<*R«tf 

11  '7 

Ni»oa 

0.0146 

0.0735 

Bomb*r 

3,950 

77 

7 

Ronrn^ 

Tl  '7 

Non* 

0.0746 

0.3405 

3.7V4 

(?) 

(I)  ( rnik  «ir  rKfi  Mit  ht'lo  wm  lnr«ntl)*nnlly  r«rrtr«f««l  nh»t  n|i|iltc<i>lnn  of  of  fllgKH  thown. 

(?)  Cf«<bn#n  fA(l«rl  tKrougK  *HI«  fmlo. 

(J)  tmlKoto  l*v«l  of  coM  tvorV  iw  Inlorforonc*  (IcRiftH  14  ntwf  15). 


^^ailabiQ 
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Ulll  l(i  ^OM^VAK^  vM  i NM  K VVK^'WIM  ^ IMIIU  4 K A(  t Ki>M  MM|  NK > M' HI 

UMN  ;.MV-  IHM  AUiAUNUM  AIUH  r\A\i\  fll»  td  MOilUK 

M-U  JHUM  U'AtMNO 


V fc.  . Nj*U  l/V^M 
NvV 

i 

1 

A »\  I 


A ^S-.l 


.\>fS-4 


A-?S  A 


usr 

1 MMINIK 

MAWS* 

;is  IN. 

Nl’.  I'l  ^ 

: «AW|1A1A 

»f4*U 

1 k (Kirill  (i  >Kl 

f 

Mil  UlfAi 

iikiiiis! 

«l  A\A«I  s i IN  VDI  . II 

N.., 

V V 'i'll  * 1 1 1*  <N 

1 IMI 

h'AMin 

rNtMAi 

MNAt 

Arn  II  I'  I 

I 

1 lAtll  NO 

1 

4 1 

>•( 

0.4W4S 

0.21.1V 

• 

.1.11 

' ■ t 

t;»  ; 

4. 

N.«  • 

O.iK^Vt 

0.4V»0> 

1 

.411 

i /H 

.» 

Non* 

Nk»i* 

O.iHM.S 

0.1411 

Mi\ 

; 

1 

•: 

. 

V4 

O.OM.s 

O.ltMO 

. 

2.S/ 

..  '•  • 1 

IM 

U '1 

N.'o# 

o.;itu 

1 iglilat 

;s/ 

(0,  i;) 

Ti  *: 

NkH1« 

o.o:wj 

o.os.m 

4HA 

» 

ti 

♦ 

^ *1 

o.4Ks:ii» 

! 

0.22M 

.WS 

0).{7)  * I 

K<ioin«si 

U M 

N«Kt* 

0.04A) 

0.144V; 

t «yhi«i 

M)/ 

1 

IV  1 

u 

Non* 

O.OnA' 

0.0>/l  • 

MK* 

1 

1 

4 W •) 

ri 

Y.t 

0.040J 

0. 

a'v; 

-*  t 

(21  1 

N»-«n* 

Nv'o# 

0.4\SH2 

0.24SJ1 

1 

JOl 

81  1 

I 

1 

\ 

kW  •! 

4 I 

N«xi« 

0,4>4»4 

0 .I41A 

s.l' 

' ' i 

' 

(.W  •\ 

Non* 

Non* 

I 

0.4'4(V> 

0.2/44 

1 

s.i’ 

n;  1 

\ 

u M ; 

, . ,,  j 

N«>ii« 

0.042a 

O.OAII.l. 

■ 1 

« 

* 

K*iiiiia«f 

1'. 

Non#  ■ 

0.04A>  ! 

o.ns4| 

f 

; 

i 

,f 

II  M 

Noon  2 

..  i 

0.P.S4V  , 

o.2;40j 

I.wi  ! 

O',  i;'  ' 

. . 1 

1 n V i.u  k o*  •hh  Ik’I#  of  i#i  op|>ltt  o'iott  **♦  *»f  lll|)Ktt  x^w^n . 


(•1  Vt*««  Kit  !•><  lHr\'s^ii  (Kit  l«i(  fi«»l«. 

(J)  Nt<n(h*r«  Kitk>wiitg  itnll\'s'((«  Uv*!  v»l  toKi  m'ti  Of  (TiihUi  H «hhI  IJ). 
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Ulil  kV  k «4v  1 vUv'WlIM  >i  iHKUl  KM  ft.\ MOM  lAMkNiK  tHlU  USiS 

»i>«  ;,MV  lH>t  AU>MINl>M  AU«'>  riAlkS  SUKhi  IIP  lil  lUiMflN  SP(\  IKUM 
lOAl>INv> 


I wtMA 


i 

I 


I 


j 


1 

IMI 

l*MIN|l| 

it*wM/n  IN, 

NiK  1 P 

KA\S  UAlA 

\VtV  lAf  N 1 

MvHt 

tU  HI 

sen  IKl'Al 

11  Il'kMlS 

KtMAlF  S 

iNwn  11 

; 

N'*. 

iv'Nl'IlK'N 

lOAin  i» 

INItlAI 

f INAI 

APl'lUP 

iauk  no 

i 

1 i 

Cl 

Y«* 

0.  OKU 

l>.  4YV.» 

VH 

IP,  1.’' 

: 

A n K 

j 

i 1 

NiMia 

0.  ixvi; 

0.  in: 

1 lylifa* 

I.IH 

IM 

* 

.\ 

Noti* 

0.0  UA 

0.  .*AS4 

1 IH 

\ 

\ 

II  •l 

Y** 

O.OKM 

0.  \n: 

.lH^ 

A V 1 

: 

u •» 

Noi\# 

0.  IXKM 

0.  4HM1 

1 l4)K(ai 

•M.l 

IP,  l.’l 

i 

' 

U '1 

Noit« 

O.lXUM 

O.O.'.U 

MW 

' j 

II  **' 

Y*t 

O.iXU.% 

0.  ;.K*4 

x\\ 

IP,  U’' 

1 

1 

• 

tlvklm^vl 

u 

Non* 

o.txvo 

o.on.* 

F I^Stai 

4.1.' 

IV. 

( 

1 

■ 

.1  ‘ 

U *! 

Nona 

0.  tH>6/ 

0.4MV 

JY^ 

IP 

! 

1 

CW  *1 

Cl 

> ak 

0.  iXU5 

0.  A>1A 

I.’' 

A»S  M 1 

.» 

CW  *1 

Cl 

Nona 

O.lXUN 

0.0B62 

t initial 

r.'o 

IC* 

! 

Cw  *1 

Non* 

Non# 

O.tXXv' 

0.0.'H4 

.MO 

\ 

CW  *1 

Cl 

Yat 

o.o4;o 

o.;ha/ 

IIN 

(!', 

ami; 

CW  *1 

1 1 

Nona 

O.O.l-lA 

0.  14, 'll 

f Iglitai 

IN' 

till 

.1 

CW  '1 

Nona 

0.O.S4Y 

O.MIA 

14.1 

Ill 

' 

. 

CW  *1 

Cl 

Yat 

0.  ix>i  1 

0.  W1 

inn 

m,  (.•! 

A-FSOI 

• 

CW  *1 

Cl 

Nona 

O.lXU-S 

0.  Kmv 

F IpKtai 

.MO 

iw 

. 

J 

CW  '1 

Non* 

Nsvia 

O.IXISA 

0,  KlftA 

;mo 

' 

CW  *1 

Cl 

Yai 

0.0-V*0 

0.  2;ia.i 

.15 

(It 

AF\-14 

CW  *1 

C! 

Nona 

0. 04.'A 

0.  .\»0A 

F tt)F«lai 

llX' 

• 

i 

c^v  *1 

Noo# 

Nc  »a 

O.OMS 

• 

0.  .V2V 

nxi 

t 

CW  '1 

Cl 

Ya» 

0.  IM.» 

0.  4BAI 

M\ 

AF\-M 

«* 

CW  *1 

Cl 

Nona 

0.  U'A6 

O.'VH,* 

f l^ihla* 

14.^ 

Yl 

. 

.1 

CW  *1 

_ 

Nona 

0.  1 .IM 
... 

0.  XU'i 

14> 

■ 

1 

UM 

N ona 

o.o4;a 

0.  .'KM 

K A'' 

(!' 

A-f  S-l.-t 

; 

Kenunvci 

U M 

Nona 

0.0.' *0 

0.0*1/ 

f iyKtat 

KnM 

s’,' 

,1 

CW 

N«»t« 

Nona 

0.  o.aao 

0.2.*M 

’ll.' 

' 

U M 

Nc»*>a 

0.  o.u  • 

0.  UWil 

V4.1 

A-F%-r 

; 

II  '» 

NcMia 

O.OS'4 

0.  i.\\: 

.’.vs 

H' 

sM 

.1 

CW  '/ 

Nona 

0.044H 

0..MV 

H'A 

III,  i.'l 

CW  M 

N>«i>« 

Nona 

0.  10.H> 

0.  lvV4 

.14.' 

A-M-M 

CW  '< 

No«i* 

Nona 

0. io/> 

0.  ivtc 

1 (l)ltlai 

.14.’ 

.} 

CW 

Noil* 

Nona 

0.  IV4V 

0.  .S.U.1 

.N'l 

(11.  (.’1 

Tl'l 

Nona 

i o.on; 

0.  *’B4> 

V''.' 

(11,  (.’1 

A-FA-U 

U 'I 

Nona 

0.01  u 

0.  OX.IB 

Flyklai 

1,020 

Y> 

I 

U 

N ona 

o.ixvo 
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1 A !%'.*• 

» 
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p. 
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O.OUM 

F ighlai 
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. . - ... 

t h C'tHk  iSil  !•!»  Kv>l#  ol  ol 

I luilihk  <Si«^iyh  >hi«  r»il  Ktd*. 

(J)  Nv«(4>«r«  I#*#!  of  loU  milk  **f  iftl««f«(»n«  • «'»*•  *M- 
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Best  Available  Copy 
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0.0^ 


0.5445 
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• iUMMUVOf  ClA£h  OtOWtHOf  MStlNII  HO(i  IfMi 

fCH  4AI‘«V  MIA  ANNiAilO  UtANlUM AUOV  flAttS  MliXCUO  TO  iOA4KI 
^CtlUMU:UkDINC 


( h C>*(W  of  ilkit  |«M  o*  o4  MifKH  tK»«r, 

(2)  VaciM>»»  lAtUy^  >*>»»  »*M  WW. 

(3)  («v4p*«At  NwNMKtiMMd  im  IM  tou  tf*f  W#*!. 

(4)  N«iWi  fsli»ain|  U««l  «i  <aU  «awi  « wNalwvM*  (IAIm  14  aaJ  1^, 
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lAMt  U v>f  ClACk  OlONVtM  FAt!- TtMl)  CtAC  » N IMUM  fAVriNtR  11 
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tA8U  2i  • Sl]^1MARY  or  CRACK  GROWIM  OF  tHHU  CRACKS  FROM  FASUNIR  flOU 
TISTS  FOR  <*A;-4V  itTA  ANNtAUO  tllANlUAl  AUOY  PlAttS  SlFUtCTfO 
TO  HOMJIR  SPtCTRUM  LOADING 


CRAt.  K 
GkOAH  T«^ 


t 

I 


SPkClAttN 

NO 

TkST 

HOlt 

CONDiriON 

FASUNkR 

FLAW  SI 

2ES.  IN. 

G 

C 

z 

RAW  DATA 

HOU 

...  „ 



.. 

SPECTRUM 

FLIGHTS 

REMARKS 

INVOL  11 

NO, 

TYPE 

LOADED 

INITIAL 

FINAL 

APPLIED 

TA8U  NO. 

1 

CT 

Yes 

0.0034 

0.5522 

31/ 

2 

Roomed 

CT 

Notse 

O.OIOI 

0.4659 

Fighter 

317 

12? 

3 

None 

Noise 

0.0157 

0.5096 

296 

ID 

\ 

n *2 

Yes 

0.0056 

0.0056 

325 

T-FS'9 

2 

Roomed 

TL  *1 

None 

0.0045 

0.0045 

Fighter 

325 

123 

3 

II  »l 

None 

0.0090 

0.0090 

325 

1 

IL  '2 

Yes 

0. 0806 

0.  J629 

226 

1,',  (2, 

1-FS-lO 

2 

Roomed 

Tl  '2 

None 

0.0695 

0.3170 

Fighter 

269 

(n 

124 

None 

0.063B 

0.2722 

370 

1 

CW  '1 

CT 

Yes 

- 

- 

,4, 

1-FS-n 

: 

Cw  '1 

cr 

None 

0.00*7 

0.35a4 

Fighter 

200 

,25  1 

3 

CW  »l 

None 

None 

0.0079 

0. 3203 

270 

1 

CW  '1 

Cf 

Y.. 

O.LK)45 

0.7.VS,S 

133 

(1, 

1-FS-U 

j 

CW  '1 

CT 

Norse 

0.0090 

0.3987 

Fighter 

779 

126 

3 

CW  '1 

None 

Nvvse 

0.0079 

0.3147 

27V 

I 

CW  '1 

CT 

Yes 

0.0112 

0.3338 

156 

(D 

T-FS-i:\ 

2 

CW  »t 

CT 

None 

0.0023 

0.3214 

Fighter 

125 

ID 

,27 

3 

CW  <1 

Norse 

None 

0,0079 

0.3203 

166 

1 

CW  '1 

CT 

Yes 

0.0370 

0.3.528 

ns 

(D 

T-FS-U 

2 

CW  '1 

CT 

None 

0.056 

0,3147 

Fighter 

125 

(D 

128 

3 

cw  *1 

None 

Noise 

0.0246 

0,3338 

180 

1 

cw  '1 

CT 

Yes 

0.T2t0 

0.4514 

17, 

T-FS-15 

2 

cw  '1 

CT 

None 

0.l65fl 

0,4850 

Fighter 

171 

129 

3 

cw  *1 

Ni'oe 

None 

0.1702 

0.5197 

171 

1 

Roomed 

Tl  '3 

None 

0.0347 

0,2352 

618 

ID 

T-FS-16 

2 

Roomed 

TL  '3 

Noise 

0.0269 

0.3069 

Fighter 

773 

130 

3 

cw  *2 

None 

None 

O.OeOO 

0.3304 

7*, 

(D 

1 

Reomed 

TL  *2 

None 

0.04H2 

0.X55I 

421 

ID,  (2) 

T-FS-I7 

2 

Reomoif 

TL  '3 

None 

0.0235 

0.1826 

Fighter 

566 

131 

3 

cw  *2 

Norse 

None 

0.0638 

0,2800 

(D 

1 

CW  '3 

None 

None 

1 

T-FS-IB 

2 

CW  '3 

Norse 

Ns'ne 

Fighter 

(3) 

1 

3 

CW  '2 

Norse 

No  no 

1 

(1)  Cfrttk  ot  fhlt  hot*  wot  Inlonfionally  rclofdvd  of'ar  oppHcofion  oF  n^•nb•r  of  flight)  shown. 

(2)  Sp*cim«n  foiled  through  (hit  leti  hole. 

(3)  Equipment  malfunctioned  resulting  in  the  loii  of  specimen. 

(4)  This  hole  was  rettmed  ton  large  for  cold-w  jrking  and  contequently  was  not  tested. 

())  Numbeit  following  indicote  level  of  cold  work  or  interference  LToble*  U o*hI  T5). 
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TABLE  24  - SUMMARY  OF  ANALYTICAL  PROGRAM 


FASTENER-HOLE  CONDITION 

LOADING  CONDITION 

Open  Hole 

Remote 

Cloie-Tolerance  Fastener 

Remote 

Close-Tolerance  Fostener 

Remote  + Fastener 

Interference-Fit  Fastener 

None 

Interference-Fit  Fostener 

Remote 

Interference-Fit  Fastener 

Remote  + Fostener 

Open  Cold-Worked  Hole 

None 

Open  Cold-Worked  Hole 

Remote 

Filled  Cold-Worked  Hole 

Remote 

Filled  Cold-Worked  Hole 

Remote  + Fastener 

25  - CHEMICAL  COMPOSITIONS  OF  TEST  MATERIALS 


TAfcli  26-  MECHANICAL  PROPERTIES  OF  //ATERIALS 


TABLE  27  - SUWAARY  OF  TEST  PROGRAM  FASTENERS 


TAftLi  28  - FIGHTER  SPECTRUM  - STANDARD  SEVERITY 


LOAD 

LAYER 


LOAD 
("«  LIMIT) 

MAX  I MIN 
“'-'"'■'-I 

63.2  I 17.5 

55.3  1 17.5 

70.8  I 3.4 

28.9  I 13.2 
70.8  1 3.4 
37.5  I 17.5 

70.8  1 3.4 

84.8  I 7.0 
47.0  I T6.4 
37.5  1 17.5 

28.9  j 13,2 

76.4  I 4.6 

47.0  16.4 

28.9  I 13.2 

47.0  ‘ 16.4 

76.4  4,6 

55.3  • 17.5 

37.5  I 17.5 
63.2  I 17.5 

47.0  I 16.4 
37.5  117.5 
70.8  I 3.4 
63.2  , 17.5 

76.4  4.6 

94.4  14.7 

37.5  17.5 

63.2  17.5 

76.4  4.6 

66.4  22.2 


CYCLES  PER 
MISSION 


LOAD 

LOAD  (%  LIMIT) 

LAYER 

MAX  MIN 


47.0  1 

16.4 

46.5 

-18.9 

37.5 

17.5 

63.2 

17.5 

28.9  1 

13.2 

47.0  ! 

16.4 

70.8  j 
55.3  1 

3.4 

17.5 

37.5  ‘ 

17.5 

28.9  1 

13.2 

47.0  1 

16.4 

63.2  1 

17.5 

28.9  1 

13.2 

70.8  i 

3.4 

47.0  I 

16.4 

37.5  1 

17.5 

55.3 

17.5 

28.9 

13.2 

37,5  1 

17.5 

28.9  1 

13. > 

63.2  i 

17.5 

76.4  1 

37.5 

4.6 

17.5 

55.3  ' 

17.5 

47.0  1 

16.4 

55.3  ! 

17.5 

70.8  i 

3.4 

84.8  t 

7.0 

63.2  1 

17.5 

118.1  1 

1 

4.1 

120.4  1 

-14.2 

ALLOY 

A1-2219-T851 
Ti-6AI-4V  a A 


LIMIT 

STRESS  (KSI) 


CYCLES  PER 
MISSION 


1 

5 

4 
1 

5 
1 
1 

16 

3 

13 

39 

13 

18 

5 

13 

1 

19 

39 

9 

13 

39 

13 

5 

1 

39 

9 

36 

9 
3 
1 

10 

1 Every  6 Starting 
with  Ut  Minion 
1 Every  18  Storting 
with  18th  Minion 


fAStC  79  - BOMStK  SrectKUM  - STANDARD  SFVFRITS' 


LOAD 

LOAD 
(%  LIMIT) 

CYCLES, 

LOAD 

LOAD 

LIMIT) 

CYCLES, 

LAYER 

... 

MISSION 

LAYER 

1 



MISSION 

MAX 

1 

1 

i 

MIN 

MAX  1 

t 

34  1 

MIN 

1 

-3 

-15 

1 

23 

0 

1 

2 

100 

I 

58 

1 Every  100 

24 

24  [ 

13 

4 

3 

9f, 

I 

58 

1 Every  10 

25 

72 

56  1 

6 

1 

4 

68 

I 

58 

1 

26 

11 

9 

5 

58 

I 

45 

1 

27 

38  ! 

19 

10 

6 

69 

i 

65 

1 

28 

99  1 

53 

1 Every  100 

7 

70 

i 

40 

1 

29 

88  1 

-12 

1 Every  10 

S 

56 

I 

49 

3 

30 

53 

I 

9 

51 

I 

24 

1 

31 

-3  i 

-15 

1 

10 

63 

I 

I 

51 

2 

32 

85  1 

56 

1 

n 

51 

I 

43 

1 

33 

88  1 

51 

1 

12 

69 

i 

36 

1 

34 

53 

33 

1 

13 

36 

\ 

I 

13 

1 

35 

62 

53 

2 

14 

48 

I 

36 

6 

36 

53  ! 

46 

1 

15 

36 

j 

30 

1 

37 

81  1 

48 

1 

16 

76 

I 

31 

1 

38 

69  1 

58 

1 

17 

53 

i 

32 

1 

39 

70  1 

32 

1 

18 

71 

I 

55 

1 Every  10 

1 

40 

45  1 

40 

1 

19 

62 

I 

33 

41 

59 

43 

5 

20 

51 

I 

40 

1 

42 

55 

46 

29 

21 

55 

1 

1 

13 

1 

43 

-3  I 

-15 

1 

22 

38 

1 

— L. 

23 

6 

44 

-14 

1 

ALLOY 

LIMIT 

STRESS  (KSI) 

AI-2219-T851 
Ti-6AI-4V  3 A 

33.6 

70.0 
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LE  30-FRACniRE  TOUGHNESS  FOR  2219-T851  ALUMINUM 
AND  6Ai-4V  0 ANNEALED  TITANIUM 


INITIAL  AND  FINAL  OlMCNStONS  OF  CORNER  CRACK  TESTED  SPECIMENS 


CT  “ Cloie  Tolerance 


TABU  31  - INITIAL  AND  FINAL  DIMENSIONS  OF  CORNER  CRACK  TESTED  SPECIMENS  (Conf'd) 

(a)  2219-T851  ALUMINUM  (Coor'd) 
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CA  “ Conitant  Amplitude  * = Dato  reported  in  Reference  2 F = Fighter 

CW=  Cold-Worited  B = Bomber  CT  = Cloee  Tolcronce 

- Not  clear  or  avoiloble  TL  “ Toper-Lol< 
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i/<  i"l  ^ »n  irt  */>  i/>  »/>  4/»  trt  ol  W W 

‘V^^VVVVV‘P‘??‘t‘t‘V‘V‘V^y 
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1 

t*. 
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0.23I 

0.466 
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0.574 

0.618 

0.738 
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0.550 

0.614 

0.569 

0.568 

0.596 

0.963 

1.310 

B 

0.26 

0.219 

0.765 

0.17 

0.18 

0.27 

0.17 

0.21 

0.436 

0.552 

0.329 

0.30 

0.22 

0.29 

0.22 

0.26 

0.134 

0.134 

6" 

0.12 

0.204 

Thru 

0.21 

0.25 

0.31 

0.21 

0.31 

Thru 

Thru 

0.370 

0.33 

0.27 

0.33 

0.25 

0.31 

0.258 

0.351 

!? 

[c 

“o 

§ 

0.520 

0.522 

0.307 

0.520 

0.580 

fl 

0.036 

0.124 

0.115 

0.057 

0.056 

0.063 

0.056 

0.034 

0.048 

0.046 

0.057 

0.064 

0.052 

0.034 

0.070 

0.123 

0.112 

B 

0.129 

0.120 

0.035 

0.128 

0.130 

8 

’•I 

8 

u 

F 
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CA 

B 

B 
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F 
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8 
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f- 
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TABLE  38,  SUMMARY  OF  STRESS  INTENSITY  FACTOR  SOLUTIONS 
FOR  CORNER-CRACKED  FASTENER  HOLES 
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COMPARISON  OF  STRESS  INTENSITY  FACTOR  SOLUTIONS  ^ * 
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